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Abstract

Biopharmaceuticals, industrial biocatalysts and fine chemicals are widely produced by recombinant
gene expression of single genes and entire metabolic pathways in microorganisms. The
methylotrophic yeast Pichia pastoris is one of the most commonly used production hosts for single
proteins and has recently also been adapted as a chassis for metabolic engineering endeavors. P.
pastoris provides tightly regulated, exceptionally strong methanol inducible promoters, however
their molecular regulation and exact properties were incompletely characterized.

In this work, synthetic biology concepts were applied for understanding and altering transcriptional
regulation in P. pastoris. Insights on regulatory regions allowed the design of more efficient synthetic
promoters and basic transcriptional activator circuits were generated. These novel tools are powerful
enabling technologies for recombinant single gene expression and the functional expression and
optimization of entire heterologous pathways in P. pastoris.

Zusammenfassung

Biopharmazeutika, industriell verwendete Biokatalysatoren und Feinchemikalien werden gangiger
Weise durch rekombinante Gen Expression von einzelnen Genen oder ganzen Stoffwechselwegen in
Mikroorgansimen produziert. Die methylotrophe Hefe Pichia pastoris ist eines der am haufigsten
verwendeten mikrobiellen Expressionssysteme und wurde unldngst auch als Plattform fir Metabolic
Engineering Anwendungen adaptiert. P. pastoris verfligt Gber stringent regulierte, aullergewdhnlich
starke Methanol-induzierbare Promotoren. Jedoch sind deren molekulare Regulation und genaue
Eigenschaften unvollstandig erforscht.

In dieser Arbeit wurden Synthetic Biology Konzepte angewandt um die transkriptionelle Regulation in
P. pastoris zu modifizieren. Tieferes Verstandnis von dem Zusammenspiel regulatorischer Regionen
ermoglichte das Design von effizienteren Promotoren und ein simpler Transkription aktivierender
Schaltkreis wurde generiert. Diese neuartigen molekularen Werkzeuge haben das Potential die
rekombinante Produktion von einzelnen Proteinen und die Expression von ganzen
Stoffwechselwegen in P. pastoris drastisch zu verbessern.
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1. Introduction and aims of this thesis

Single proteins such as lifesaving biopharmaceuticals and industrial biocatalysts, allowing more
environmentally friendly production processes, are almost exclusively produced by recombinant
gene expression. High titers of recombinant proteins have been produced in simple microbial
expression hosts such as bacteria (e.g. Escherichia coli, Bacillus sp.), filamentous fungi (e.g.
Aspergillus sp., Trichoderma sp.) or yeast (e.g. Saccharomyces cerevisiae) [1,2].

However, especially many plant derived pharmaceuticals are not protein based, but highly complex
chemicals often derived from isoprenoid structures. A bz B /o

Such terpenoids include the antimalarial artemisinin 3 )
[3] or the anticancer drug taxol [4,5] (Fig. 1). Taxol for
example is only found in the bark of the pacific yew
tree and two to four trees had to be harvested to

allow treatment of a single patient [6]. Chemical ] o
synthesis of this highly complex structure is possible, iﬁﬁlr::r;c::;ir:; ﬁldjj::n:ts:;.m[a?z:d?n;;z‘:;
however requiring up to 51 steps resulting in (4.

maximal yields of less than one percent [5]. The

natural taxol biosynthesis pathway in plants requires 19 enzymatic steps [5]. Reconstituting such a
pathway in microorganisms requires not only the functional coexpression of all genes, but also
optimization of the flux towards the desired product and the removal of kinetics bottlenecks [7,8].
Naturally, flux optimizations are achieved by varying transcription, translation levels and enzyme
properties (e.g. feedback inhibition). In recombinant gene expression in eukaryotes, typically
transcript levels are altered using different promoters.

Natural organisms and ‘parts’, such as promoters and terminators, are typically only in limited
extents suitable for such endeavors. To this end, various synthetic biology approaches have been
undertaken to engineer chassis organisms and to generate tailor made parts for metabolic

engineering applications [9-13].

Concerning host platforms for metabolic engineering, most frequently E. coli and S. cerevisiae are
used [14]. There is a lot of fundamental knowledge available on the ‘classic’ yeast and model
organism S. cerevisiae. Therefore this yeast is especially for eukaryotic pathways the standard
platform [3,15,16]. However, the number of tightly co-regulated promoters available in S. cerevisiae
is limited: Typically only a few galactose (Pgaiz, Pcais, Peaiz, Pearzo) and copper (Peri, Perrz, Peupi)
regulated promoters are used [3,17]. While S. cerevisiae is a an excellent host for metabolite
production relying on (micro-)anaerobic respiration, many pathways need oxidative growth for
bioconversions involving cytochrome P450 enzymes for selective oxidations. In this respect the non-
conventional yeast Pichia pastoris (Komagataella phaffi) is a highly favorable host for such processes,
as demonstrated recently with cytochrome P450 expression [18]. A recently published approach of
Wriesnegger et al. nicely showed a first efficient use the strengths of P. pastoris for sesquiterpenoid
production [19].

For the heterologous expression of single genes the methylotrophic yeast P. pastoris, according to a
recent literature survey, is even more frequently used than S. cerevisiae [20]. Advantages of P.
pastoris include the suitability for high cell density cultivation and decent secretory capacities for
heterologous proteins, while secreting little endogenous proteins [21]. P. pastoris has also been



assigned GRAS (generally regarded as safe) status by the U.S. Food and Drug Administration (FDA)
and also the production of biopharmaceutical for use in humans has been approved (in 2009 Kalbitor
by Dyax Corp., a Kallikrein inhibitor and in 2012 Jetrea by ThromboGenics NV, for the treatment of
vitreomacular traction [2]).

The genome sequences of several P. pastoris strains [22—-24] have been reported and provided the
basis for the development of genome scale metabolic models (GSMMs) [25-27]. These GSMMs can
be used for in silico predictions as a basis for engineering approaches, as recently demonstrated for
improving production of cytosolic human superoxide dismutase (hSOD) [28]. However, in contrast to
well-studied model organisms such as E. coli or S. cerevisiae, relatively little basic knowledge is
available on P. pastoris [29] and widely available tools are still limited.

Nonetheless, several synthetic biology approaches
have been undertaken in P. pastoris (Fig. 2) Synthetic biology

Pichia pastoris Biopharmaceuticals
Glycoenglnaenng

extending the scope and applicability of this

% /@
organism (Chapter 2.1, [2]). Arguably the most _. T I ‘f:;' ﬁ

prominent synthetic biology endeavor in P. \—-,. -
Molecular toolbox

Fig. 2: State of the art synthetic biology approaches in P.
of high profile publications the endogenous yeast pastoris. Figure taken from Vogl et al. [2]

pastoris was glycoengineering, generating strains
with humanized glycosylation patterns. In a series

type hyper-mannosylated glycosylation pattern was engineered into humanized forms [30-33].Until
today, P. pastoris remains the only microbial expression host allowing the production of tailor made,
fully humanized sialylated glycoproteins. Also novel molecular tools such as new strains facilitating
the generation of knockouts and improved systems for marker recycling were reported. Moreover
libraries of synthetic promoters were generated for P. pastoris, enabling transcriptional fine-tuning of
heterologous gene expression.

The availability of strong, tightly regulated promoters has been a key advantage of P. pastoris and
other methylotrophic yeasts such as Hansenula polymorpha, Candida boidinii and Pichia methanolica
[34]. Genes involved in the metabolism of methanol (methanol utilization, MUT) are tightly repressed
on repressing carbon sources and strongly upregulated upon addition of methanol (and depletion of
the repressing carbon source). Natural peroxisomal MUT proteins such as alcohol oxidases and
dihydroxyacetone synthases account on methanol for up to one third of total intracellular protein. If
the promoters of these genes are cloned upstream of a heterologous gene, similarly high expression
levels have been achieved. In P. pastoris up to 22 g/l of intracellular [35] and 15 g/| secreted protein
[36] have been achieved using the wildtype promoter of the alcohol oxidase 1 gene (Paox:). Using
synthetic P,ox; variants and codon optimized genes, even more than 18 g/l of secreted protein were
achieved [37]. However, little is known on the molecular regulation of MUT genes (Chapter 2.2 and
2.3, [38]) and relatively few MUT promoters have so far been characterized [38]. While efficient tools
for single gene expression have been widely available as simple kit systems for P. pastoris, the
toolboxes for multi gene coexpression for pathway design still lagged behind S. cerevisiae.

The major aim of this thesis was to overcome these present limitations caused by shortage of parts in
P. pastoris. Following synthetic biology approaches, a molecular toolbox should be created offering
solutions for single gene expression and metabolic engineering applications. Although a library of
elaborate synthetic promoters has been created for P. pastoris [39], these promoters are derived
from a single parental sequence (AOX1 promoter) by moderate changes. For metabolic engineering



applications, sequence diversified promoters are desirable, as identical or highly similar sequences
might cause homologous recombination and thereby loss of entire expression cassettes or parts
thereof by loop out recombination [40,41]. Synthetic Psox; variants had also shown different
regulatory profiles, as some variants were derepressed (i.e. activation once the glucose in the
medium was depleted, not requiring methanol). In related methylotrophic yeasts H. polymorpha, C.
boidinii and P. methanolica even strong naturally derepressed promoters have been reported [34].
To this end, one of the main goals was to characterize a set of strong, methanol regulated promoters
for P. pastoris, preferably also providing novel regulatory profiles such as derepression.

One of the strongest methanol regulated P. pastoris promoters previously reported [38] was a
bidirectional promoter (BDP) driving the expression of the two dihydroxyacetone synthase genes
DAS1 and DAS2 in opposite directions [42]. In higher eukaryotes a few synthetic BDPs have been
reported [43,44]. We hypothesized that a library of BDPs with different expression strengths and
regulatory profiles on both sides may constitute a valuable tool for optimizing dual and multi gene
coexpression required for the production of multi subunit proteins or entire metabolic pathways.
Therefore another aim of the thesis was to evaluate the applicability of such bidirectional promoters
(BDPs) for gene coexpression and to develop strategies for generating BDPs in P. pastoris.

Aside of these projects focusing on cis-acting regulatory sequences, we also aimed to investigate the
potential of creating simple transcriptional regulatory circuits by tinkering with trans-acting
regulators. Acquiring control over the natural regulation of promoters and the design of synthetic
artificial transcription factors have proven imperative for optimizing protein production, metabolic
engineering and synthetic biology applications [10,45,46]. The goal was to alter the regulation of the
AOX1 promoter by transcription factor overexpression, ideally enabling methanol free activation by a
different stimulus.
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Biopharmaceuticals are an integral part of modern medicine and
pharmacy. Both, the development and the biotechnological
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require suitable expression systems. In this review we discuss
established and emerging tools for reengineering the
methylotrophic yeast Pichia pastoris for biopharmaceutical
production. Recent advancements of this industrial expression
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New platform strains and molecular cloning tools as well as in
vivo glycoengineering to produce humanized glycoforms have
made P. pastoris an important host for biopharmaceutical
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Introduction

Biopharmaceuticals are indispensable in modern medi-
cine. The estimated market value is $70 to 80 billion
(depending on the definition) and annual growth rates
between 7 and 15% are expected [1-3]. This is another
major reason for the worldwide focus of pharmacy and
biotechnology on biopharmaceutical development and
production. By definition, the term ‘biopharmaceutical’
refers to recombinant therapeutic proteins and nucleic
acid based products and in the broader sense also to
engineered cell or tissue-based products [2]. Vaccines,
interferons and hormones like insulin, human growth
hormone (hGH) and erythropoietin (EPO) are examples
for protein biopharmaceuticals. Antibodies (including
fragments like Fabs, scFvs and nanobodies) represent
the biggest group of protein biopharmaceuticals [1-3].

Therapeutic proteins are typically produced in mamma-
lian cell lines and Escherichia coli. While bacterial systems
exhibit fast and robust growth in bioreactors using simple
media, mammalian cells resemble their human counter-
parts more closely in terms of typical eukaryotic post
translation modifications (P’ TMs) like glycosylation [2,4-
6]. However, mammalian cell culture processes are rela-
tively slow, require complex media, and are susceptible
viral contaminations (T'able 1).

Using yeasts enables to combine robust growth on simple
media (in large scale bioreactors) with easily achievable
genetic modifications and the introduction of the desired
PTMs [7].

The ‘classic’ yeast Saccharomyces cerevisiae is one of the
best studied eukaryotes and has been used as expression
host for biopharmaceuticals since the early days of genetic
engineering and recombinant protein production [8°°].
Recently, the first biopharmaceutical produced in the
methylotrophic yeast Pichia pastoris has been approved
by the FDA (Kalbitor by Dyax Corp., a Kallikrein inhibi-
tor) [1]. P. pastoris features all favorable traits of yeasts
mentioned and has successfully been used to produce
high titers of numerous heterologous proteins [7,9,10°°].
Additionally, P. pastoris is suitable for high cell density
cultivations, reaching more than 150 g dry cell weight per
liter [11] and has high secretory capabilities for heter-
ologous proteins, while secreting only low amounts of
endogenous proteins (Table 1) [12].

In this review we focus on new opportunities for biophar-
maceutical production by reengineered P. pastoris
employing new tools, (semi-) synthetic parts and P'TM
pathways (see Figure 1). We also summarized already
published approaches to identify regulatory elements and
to reengineer promoters for bottom-up regulatory circuit
design.

Recent developments in synthetic biology have extended
the toolset of classical genetic engineering [13]. Tailor-
made expression systems have been created by modifying
transcription, translation, PTMs and designing synthetic
regulatory networks [14,15°°].

Glycoengineering

T'he majority of therapeutic proteins contain post-transla-
tional modifications, with glycosylation being the most
common and at the same time the most complex P'TM

[2].

Current Opinion in Biotechnology 2013, 24:1094-1101

www.sciencedirec{.gom


mailto:anton.glieder@acib.at
mailto:a.glieder@tugraz.at
http://www.sciencedirect.com/science/journal/09581669/24/6
http://dx.doi.org/10.1016/j.copbio.2013.10.001
http://dx.doi.org/10.1016/j.copbio.2013.02.024
http://www.sciencedirect.com/science/journal/09581669

LW0D'1081IPaoUSIOS MMM

LOLL-¥60L:¥e ‘€10z ABojouydalolg ul uoluldQ uaung

Table 1

Comparison of expression systems used for biopharmaceutical production [4,6,7]

Higher eukaryotes

Yeast

Escherichia coli

Ease of genetic modifications

Cultivation

Contaminations

Post translational modifications
(PTMs)

Protein yields and secretory
capacities

Moderate

Slow growth rates, expensive complex
(or synthetic) media required

Risk of viral contaminations, viral
clearance required

Closely resembling human
PTMs; usually mixtures of several
glycoform variants

High yields, highly efficient
secretion, high specific productivity

Simple

Fast and robust growth, defined minimal media

Little risks of endotoxins or viral DNAs

Most human PTMs achievable, but natural glycosylation
patterns differ from humans, hypermannosylation,
engineered strains can achieve human glycoforms and high
uniformity

High yields, secretory capacities depending on the species

Most commonly used species

Recently approved
biopharmaceuticals®

Additional information and
specific differences between
host species of the
same class

Mammalian cells Insect cells

32 2

Baculo virus based
systems most
commonly used
for transfection

Commonly used cell lines: CHO
(Chinese Hamster Ovary),

BHK (baby hamster kidney),
murine-myeloma-derived

NSO, SP2/0 cell lines [2] and
HEK293 Easy scale up
Contaminations less
problematic

Mammalianized
glycosylation [5]

Pichia pastoris Saccharomyces cerevisiae

2° 4
Efficient and selective secretion, Important eukaryotic model

often higher protein titers than  organism, high molecular- and
S. cerevisiae, for example, [8°°] cell biological knowledge

Crabtree negative, high cell
density cultivations

Crabtree positive, leading to
ethanol production

GRAS status
Hypermannosylation is less pronounced in P. pastoris
and critical terminal a-1,3-mannose linkages were not
observed [19], engineered strains providing fully
humanized glycosylation not available for S. cerevisiae

Simple

Fastest growth, defined
minimal media

Endotoxins presence requires
thorough purification, possible
phage infections

Limited set of PTMs, some
human PTMs (e.g. glycosylation)
difficult to achieve

High expression capacities,
secretion mostly inefficient,
extensive purification and

downstream processing required

17

Fastest efficient expression
system

Inexpensive

Well established processes
suitable for mass production

Folding problems may lead to
the formation of inclusion
bodies and require expensive
refolding (yet, inclusion
bodies provide a valuable
strategy to achieve high
protein yields and simple
purification)

Inefficient acetate
metabolism may hamper
high cell density cultivation
of some strains

2 Data from Walsh [1], time period: January 2006-June 2010, in total 58 biopharmaceuticals have been approved, two biopharmaceuticals produced in transgenic animals were not listed.
® In this number Jetrea by ThromboGenics is included (approved in 2012 and not listed by Walsh [1]).
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Current synthetic biology approaches to improve biopharmaceutical yields and quality in P. pastoris. Glycoengineered strains provide humanized N-
glycosylation patterns [14,15,16°], synthetic promoters allow the fine-tuning of expression levels [41,42,43°] and various tools for strain engineering

[47-49,50°] and metabolic modeling [55°,56°,57°] are available.

Yeasts can perform typical eukaryotic P'TMs, but final
glycosylation patterns of yeasts and humans differ signifi-
cantly. Hypermannosylation and terminal a-1,3-mannose
linkages associated with glycoproteins from §. cerevisiae, can
result in poor serum half-life or even immunogenic effects
of therapeutic proteins [2,16°]. Thus, there have been
efforts to humanize yeast glycosylation which has been
accomplished in P. pastoris (see [16°~18°] for reviews). Also
hypermannosylation is less pronounced in P. pastoris and
terminal a-1,3-mannose linkages are not observed [19].

Here, we focus on recent developments of glycoengineer-
ing in P. pastoris and highlight the synthetic biology
approaches and the heterologous and chimeric enzymes
used for this purpose.

Achieving humanized glycosylation in yeast required on
the one hand the elimination of hyperglycosylation by
deleting the appropriate yeast genes, but on the other
hand also the introduction of additional glycosidases and
glycosyltransferases, including missing biosynthetic path-
ways and transporters for sugars not present in yeast, for
example, sialic acid. In the case of galactose, UDP-glu-
cose was converted to UDP-galactose in the Golgi by
providing the respective epimerase activity [16°,17°].

In addition to simple expression of these genes, correct
spatial positioning along the secretory pathway in the ER
and Golgi is essential, as the sequential activity of one
enzyme produces the substrate for the next. T'o achieve
the suitable positioning of the required factors along this
cellular assembly line in P. pastoris, synthetic glycobiol-
ogy [20] approaches were used.

Tailor-made glycosyltransferases and glycosidases with
the desired catalytic properties and localization charac-
teristics were created [19,21-25]. The strategy was based
on the knowledge, that eukaryotic glycosyltransferases
and glycosidases are type II membrane proteins, consist-
ing of an N-terminal cytoplasmic tail, a membrane anchor
domain, a stem region and a C-terminal catalytic domain
(see Figure 2) [20]. The C-terminal catalytic domain is
active independently of the localization conferring N-
terminal part, which is also termed ‘CTS’ (cytoplasmic,
transmembrane, stem). Fusions of catalytic domains to
CTS fragments allowed the creation of semi-synthetic
glycosyltransferases and glycosidases. A combinatorial
library approach paired with a high-throughput screening
was used to create and evaluate these proteins [19,21,22].
Rational design led to similar results [23-25], but even-
tually input from combinatorial libraries was also used
[25].

Notably, the initial publications of the combinatorial
libraries [19,21] contained barely any information on their
composition and how the chimeric glycosyltransferases
were designed. More recently, a comprehensive report
about the catalytic domains, the C'TS fragments, and how
they were fused was published [26°°]. The authors had
not only started from a large set of 33 catalytic domains
from different eukaryotes (e.g. fungi, worm, fruit fly,
mouse, rat, human) and 66 fungal leader sequences,
but also tested fusions of various lengths of both the
catalytic domain and the C'TS. Up to 600 variants were
screened for optimal desired activity and localization
along the generated artificial glycosylation pathways in
P. pastoris (see Figure 2).

Current Opinion in Biotechnology 2013, 24:1094-1101
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Figure 2
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Design strategies to create semi-synthetic glycosyltransferases and glycosidases for glycoengineering. On the left side, the general domain structure
of glycosyltransferases and glycosidases is shown. These type Il membrane proteins consist of an N-terminal cytosolic tail, a transmembrane domain
(TMD), a stem region (these elements are referred to as CTS), and a C-terminal catalytic domain. In the middle and on the right side, design strategies
for creating tailor-made enzymes with the desired catalytic activity and the proper localization in the sec pathway are shown. The combinatorial library
approach involved the combination of large sets of catalytic domains with CTS fragments to fusion proteins, which were then screened for the desired
activity [19,21,22]. Different lengths of the catalytic domains and the CTS fragments were tested (referred to as ‘s’ for short, ‘m’ for medium, ‘I’ for long
and shown exemplarily for one catalytic domain and one CTS). Rational approaches were also used to design these chimeric enzymes [23-25]. The
schematic for the domain architecture and the combinatorial libraries is based on Czlapinski et al. [20] and Nett et al. [26°°].

An essential milestone was achieved in 2006 by intro-
duction of nine synthetic genes and deletion of six
endogenous genes enabling the production of complex
terminally sialylated glycoproteins in P. pastoris [22]. In
the last five years, N-glycosylation site occupancy has
been increased from 75-85% to 99% [27] and undesired
B-linked mannose residues have been removed by
creating a P. pastoris quadruple knock-out devoid of
all four endogenous P-mannosyl transferases [28].
Furthermore, the production processes using glycoen-
gineered P. pastoris strains have been optimized [29-
31], antibody production in glycoengineered strains
reached the g/l scale [32,33] and glycoengineered strains
have also been established for surface display applications
[34,35].

In addition to human like microbial glycosylation such
heterologous synthetic pathways allow direct control of
the intricate glycosylation process. Thereby, tailor-made
glycoforms of a protein can be produced which can
exhibit moderately differing pharmacodynamics. For
example an antibody expressed in glycoengineered P.
pastoris with a uniform, single glycoform showed
improved antibody-mediated effector functions, com-
pared to mammalian cell culture derived glycoforms with
variable glycosylation patterns [36]. Therefore, better
than nature glycoengineered P. pastoris strains pave the

way for the creation of synthetic, supernatural glycoform
preparations with altered properties compared to natu-
rally occurring variants.

Synthetic promoters

Efficient transcription is a critical step in gene expression.
Therefore strong and controllable promoters are an essen-
tial tool for high titers in recombinant protein production
[7,37]. In addition to natural promoters there has been a
growing interest in synthetic promoters driving enhanced
expression, improving folding or showing tailor-made
regulatory profiles [37-39]. In P. pastoris, up to 22 gfl
intracellular protein and 15 g/l secreted protein have been
obtained with the most frequently applied, tightly con-
trolled, strong and methanol inducible AOX7 promoter
(Paoxz) [40].

As result, this promoter was the starting point for creating
synthetic variants with increased promoter strength and
altered, methanol free regulation, as the use of toxic and
flammable methanol can cause a considerable safety risk
in industrial processes.

One semi-rational approach to create synthetic P,oy;
variants relied on an iz sifico analysis for putative con-
served cukaryotic transcription factor binding sites
(TFBS) in P40x;. Subsequently, the respective short

www.sciencedirect.com
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Figure 3
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Recombinase based self-excisable knockout cassettes for marker regeneration (left side). Increased rates of homologous recombination in a P.
pastoris Aku70 strain (right side). The knockout cassettes consist of a recombinase (Cre or FLP [48,49,50°]) and a marker gene flanked by the
respective recombinase recognition sites and are directed to the genome via the 5’ and 3’ homologous sequences to delete the desired target
sequence. After integration via a double cross-over event, self-excision of the recombinase and the marker gene can be initiated by the expression of
the recombinase from the methanol inducible AOX7 promoter (Paox), leaving only the recombinase recognition site in the genome (notably Marx et al.
[49] provided the recombinase transiently on a CEN/ARS plasmid). The initial integration in the genome is dependent on homologous recombination
(HR). Exemplary frequencies of homologous recombination (in %) of the wildtype compared to the Aku70 strain are shown (right side). The length of the
homologous sequence indicates the number of base pairs (bp) added on both sides of the cassette [50°]. For 650 bp two different integration loci were

tested, therefore two % values are given.

sequence stretches were deleted [41]. These deletion
variants showed both increased and decreased reporter
gene expression levels spanning 6-160% of wildtype
P4ox; driven expression. Alternative approaches relied
on the systematic deletion of larger adjacent fragments of
almost the entire promoter [42]. Surprisingly, some small
deletions and point mutations resulted in altered regu-
lation as these variants were moderately active when
glucose was depleted, without requiring the inductor
methanol [41]. This derepression effect was further
optimized by combinations of deletions and insertions
of important sequence stretches. Such altered induction
properties now enable the consecutive induction of
coexpressed proteins such as chaperons and the thera-
peutic protein of interest. Putative TFBS of P 4¢x; were
also fused to natural core promoter fragments to create
short semi-synthetic variants, which again showed
altered regulation and surpassed the full-length wildtype
promoter in certain applications especially when
multiple copies of the expression cassettes were inte-
grated [41,43°]. Also the constitutive promoter of the
glyceraldehyde-3-phosphate dehydrogenase gene (P g4 p)
of P. pastoris has been engineered by a random mutagen-
esis approach [44] showing the potential of additional
promoters for expression fine tuning or the generation of
new regulatory circuits. Bio-process strategies for bio-
technologically relevant enzymes have been improved
by employing these synthetic promoters [41,43°,44,45]
and similar effects can be expected for biopharmaceu-
ticals. Furthermore, multiple positive and negative
factors involved in Py, regulation have been identified

since this initial semi-rational promoter engineering (see
[40] for a recent review), opening the way for the design
of novel synthetic regulatory circuits for gene expression
and pathway design.

Molecular toolbox for synthetic biology in P.
pastoris

Synthetic biology applications require efficient tools for
strain engineering. For example, the creation of P. pastoris
strains providing a fully humanized glycosylation pattern
necessitated in the first place the development of suitable
genetic strategies to knock out and introduce multiple
genes [46]. Efficient strategies for gene replacements and
marker recycling have now become available for P. pas-
foris. Namely, systems based on new counter selective
markers [47], a Cre/loxP strategy [48,49] and an advanced
flipper cassette application [50°] have been reported and
applied. The recombinase based strategies [48,49,50°]
allow active excision of the marker gene used in a deletion
cassette and to thereby recycle markers and perform
sequential rounds of deletions. This is achieved by
designing a deletion cassette, in which the marker gene
and the recombinase are flanked by two recombinase
recognition sites and the recombinase is placed under
the tight control of the methanol inducible AOX7 pro-
moter (see Figure 3). Niitsaari e/ @/. [50°] applied such a
strategy to generate a new platform of P. pastoris expres-
sion strains and Marx ¢ a/. [49] boosted riboflavin pro-
duction in P. pastoris by subsequently overexpressing all
six genes of the riboflavin biosynthetic pathway by insert-
ing the strong constitutive GAP promoter upstream of

Current Opinion in Biotechnology 2013, 24:1094-1101
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these genes. Coupling such approaches with synthetic
promoter variants [41,42,43°,44] might support the tran-
scriptional fine tuning of individual enzyme activities of
biosynthetic pathways.

Site specific integration and knock-out strain generation
rely on endogenous homologous recombination. While
in §. cerevisiae HR 1s working highly efficiently, non-
homologous end joining is the preferred pathway in
most other filamentous fungi and yeasts, including P.
pastoris. HR occurs at less than 1% and up to 30% of all
integration events, depending on the length of the
homologous targeting sequence [50°]. For example
during glycoengineering of P. pastoris only 5 out of
460 clones showed the desired gene replacement
[460]. Targeted integration and deletion should become
more efficient in the future by employing a P. pastoris
#u70 deletion strain with increased rates of HR [50°]. By
the deletion of a Ku70 homologue, a protein involved in
NHE], HR rates of up to 100% were achieved (see
Figure 3). The A#u70 strain did not show genetic
instability, but the growth rates were 10-30% lower
than those of the wildtype (depending on the carbon
source) and the strain showed a decreased survival rate
under UV light. This hints an increased susceptibility to
DNA damage and complementing the wildtype KU70
gene after completion of strain engineering was recom-
mended [50°].

In addition to precise deletions, site specific integration,
and marker recycling, new cloning techniques facilitate
the construction of the respective gene expression and
deletion constructs. Efficient 7z wvitro recombination
methods such as Gibson assembly [51] enable flexible
restriction free cloning and library generation allowing
the simple testing of libraries of promoters, artificial or
natural expression enhancers and signal-sequences or
other targeting sequences. Although, bottom up
approaches to design individual parts for P. pastoris strain
reengineering and expression cassette constructions are
ongoing, there is no systematic synthetic biology parts
collection for this yeast so far.

Bioinformatics tools complete the toolbox for synthetic
biology applied in P. pastoris. High-quality genome
sequences [52-54] and metabolic models [55°,56°,57°]
of P. pastoris have recently become available. This com-
prehensive new background knowledge enables research
towards systems wide understanding of the P. pastoris
expression system and provides the basis for reengineer-
ing this host using synthetic parts and pathways to
improve biopharmaceutical production. For example,
recent studies in P. pastoris have hinted an interconnec-
tion of both the carbon metabolism [58] and the cellular
redox state [59] with protein production and secretion.
Thus, similar to 8. cerevisiae [60,61], a systems biology
view on secretion coupled with a synergistic use of
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metabolic engineering and synthetic biology approaches
[62,63] promise coming improvements for biopharmaceu-
tical production by P. pastoris.

Conclusions

Over the last two decades, P. pastoris has been established
as one of the most frequently used expression systems in
both industry and academia. Beside a large number of
various enzymes, many human proteins and biopharma-
ceuticals were also efficiently produced by P. pastoris.
The adaptation of the yeast high-mannose type glycosyl-
ation to the complex humanized glycosylation was a major
achievement and resulted in uniform glycoforms from
microbial production. Synthetic promoter variants with
altered regulatory profiles and expression levels surpassed
their natural counterparts for enzyme production.
Equally, these variants can be used to optimize and
fine-tune the expression of therapeutic proteins. Also
other new key methodologies for synthetic biology such
as efficient gene deletion and assembly strategies, meta-
bolic models and strains with altered recombination
properties have become available. Together with mile-
stones such as the FDA approval, these new tools and
techniques have a high potential to boost the production
of biopharmaceuticals and for efficient metabolic engin-
eering (see Box 1).

Altered and new biosynthetic pathways for posttransla-
tional modifications such as precise glycosylation are
enabling techniques giving access to new therapeutics
with uniform and excellent quality.

Synthetic biology will certainly not only further improve
industrial enzyme production, but also stimulate and
facilitate innovative approaches for biopharmaceutical
production in P. pastoris.

Box 1 Milestones and recent accomplishments for
biopharmaceutical production in P. pastoris

(1) FDA GRAS (generally regarded as safe) status in 2006
(Phospholipase C by Diversa Corp., for degumming vegetables
oils for food use).

(2) FDA approved biopharmaceutical production processes in 2009
(Kalbitor by Dyax Corp., a Kallikrein inhibitor) and 2012 (Jetrea by
ThromboGenics NV, for the treatment of vitreomacular traction).

(3) Glycoengineered strains providing humanized, uniform N-glyco-
sylation patterns [22,25].

(4) Synthetic promoters for fine-tuning expression levels [41,42,43°].

(5) Efficient strategies for knockouts of multiple genes and over-
expression of entire pathways [48,49,50°].

(6) High quality genome sequences [52-54].

(7) Establishment of in silico metabolic models for strain engineer-
ing [55°,56°,57°].

www.sciencedirect.com
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The methylotrophic yeast Pichia pastoris is a widely used host for heterologous protein production.
Along with favorable properties such as growth to high cell density and high capacities for protein
secretion, P. pastoris provides a strong, methanol inducible promoter of the alcohol oxidase 1 (AOX1I)
gene. The regulation of this promoter has been extensively studied in recent years by characterizing cis-
acting sequence elements and trans-acting factors, revealing insights into underlying molecular
mechanisms. However, new alternative promoters have also been identified and characterized by means
of their transcriptional regulation and feasibility for protein production using P. pastoris. Besides the
often applied GAP promoter, these include a variety of constitutive promoters from housekeeping genes
(e.g. TEF1, PGK1, TPI1) and inducible promoters from particular biochemical pathways (e.g. PHO89,
THI11, AOD). In addition to these promoter sequence/function based studies, transcriptional regulation
has also been investigated by characterizing transcription factors (TFs) and their modes of controlling
bioprocess relevant traits. TFs involved in such diverse cellular processes such as the unfolded protein
response (UPR) (Haclp), iron uptake (Feplp) and oxidative stress response (Yaplp) have been studied.
Understanding of these natural transcriptional regulatory networks is a helpful basis for synthetic
biology and metabolic engineering approaches that enable the design of tailor-made production strains.
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Background

Methylotrophic yeasts like Pichia pastoris, Candida boidinii, Hanse-
nula polymorpha (Pichia angusta) and Pichia methanolica are widely
used host systems for heterologous protein production [1,2]. They
unite the benefits of a eukaryotic expression system (efficient
secretion and post-translational modifications like glycosylations
or the introduction of disulfide bonds) with favorable growth
properties of robust unicellular organisms (fast growth on minimal
media, no production of intrinsic endotoxins or viral DNAs) [3].

Expression of the respective gene of interest (GOI) for recombi-
nant protein production includes transcription, translation, fold-
ing and possible posttranslational modification as well as the
correct targeting by the heterologous host organism. The initial
transcription of the GOI is often a critical step in heterologous
protein production, in both pro- and eukaryotes [4-7]. Therefore,
strong and controllable promoters are a crucial tool for efficient
heterologous protein production [7,8]. Promoters regulate tran-
scription by providing specific DNA-binding sites for transcription
factors (TFs) and the basal transcription machinery (e.g. the RNA
polymerase and associated factors). TFs are trans-acting factors that
can act either as activators or repressors and which bind to cis-
acting regulatory DNA elements [9]. Even for the more complex
eukaryotes, the understanding of the underlying mechanisms has
drastically increased over the past decades and light has been shed
on both trans-acting factors and cis-acting sequence elements
including their effect on expression and involvement in various
transcriptional regulatory circuits [10-12]. This knowledge and
random approaches have been used to engineer synthetic promo-
ter libraries. These promoter variants have also been applied in
biotechnological protein production as they provide altered reg-
ulatory profiles and a range of different promoter strengths, often
exceeding wild-type promoters available in a certain host [13,14].
Finding the optimal transcription level by comparing various
natural promoters, synthetic variants or tunable promoters is an
important aspect to optimize protein production in an expression
system. This review is focused on recent findings on promoters and
transcriptional regulatory circuits of TFs in the methylotrophic
yeast P. pastoris and their application to improve heterologous
protein production.

One of the most favorable properties of P. pastoris and the other
methylotrophic yeasts are the strong methanol inducible promo-
ters present in these organisms. Certain genes of the methanol
utilization (MUT) pathway are completely repressed under growth
on repressing carbon sources (e.g. glucose), but are strongly

induced on methanol, constituting up to 20-30% of total intra-
cellular protein [15,16]. This tight regulation is exerted on the
transcriptional level, making MUT promoters ideal tools for het-
erologous protein production [17]. Therefore also most of the
published knowledge about the regulation of P. pastoris promoters
is focused on the most commonly used classic P. pastoris promo-
ters, the promoters of the MUT pathway gene alcohol oxidase 1
(Paox1), its rarely used homolog P,0x2, and also the glycolysis gene
glyceraldehyde 3-phosphate dehydrogenase (Pgap), which was
described as a constitutive promoter in the early days of develop-
ment. However, although less characterized, alternative promoters
offer advantages for some proteins and also first regulatory net-
works for important folding processes and stress response in P.
pastoris have been reported.

Classic P. pastoris promoters

AOX1 promoter

Physiological role and regulation of AOX1 expression

Alcohol oxidase (Aox) catalyzes the first step in the metabolism of
methanol, the conversion of methanol to formaldehyde. This
reaction is taking place in the peroxisomes and involves the
incorporation of oxygen and release of hydrogen peroxide as a
side product [3]. The oligomeric flavoenzyme alcohol oxidase has
however a low affinity for its substrates methanol and oxygen
[18,19]. Therefore large amounts of the enzyme are needed to
sustain growth on methanol and AOX accounts under these con-
ditions for about 5% of total mRNA and 30% of total soluble
protein. Cells grown on repressing carbon sources (e.g. glucose,
glycerol, ethanol) [20] show however a complete lack of AOX
activity. This tight regulation is exerted on the transcriptional
level, as AOX mRNA was described as undetectable in cells grown
on repressing carbon sources [21-23].

P. pastoris has two alcohol oxidase genes, AOX1 and AOX2, of
which AOX1 is much more strongly transcribed than AOX2
[22,23]. As P4px; is a remarkably strong promoter and at the same
time directly controllable by simply changing the inexpensive
carbon source [24], it is the most commonly used promoter for
heterologous protein expression in P. pastoris. The highest expres-
sion levels of heterologous proteins in P. pastoris have been
achieved with P4ox; (up to 22 g/l intracellular and 15 g/l secreted
protein) [25,26]. Concerning controlled bioreactor cultivation, the
tight regulation of P,ox; is used to enable cell growth to high
densities on a repressing carbon source without heterologous
protein expression hampering the cellular metabolism.
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On the basis of the observation that P,ox; induction requires
the complete lack of a repressing carbon source and the presence of
the inducer methanol, the current regulatory model involves three
regulatory states. Catabolite repression suppresses expression as
long as a repressing carbon source is present. Even if methanol is
fed, the promoter is still repressed. As soon as the repressing carbon
source is depleted or at low concentration in fed-batch processes,
the promoter reaches the state of derepression. In P. pastoris, under
these conditions the native AOX1 promoter is still only slightly
derepressed (2-4% of induced levels) and only methanol addition
leads to full induction, which is the third state of regulation
[20,27,28]. Fig. 1 shows a schematic representation of Psox;-
The most commonly used sequence from the BgIII restriction site
downstream and features like the TATA box and the transcription
start site are highlighted. Tschopp et al. [27] and Stroman et al. [29]
had initially used a 1.1 kbp Pstl/BamHI P50 x; fragment (the respec-
tive sites are shown in Fig. 1).

Despite the favorable properties of P,ox; and the basic under-
standing of its regulatory modes, only in recent years light has
been shed on the molecular basis of P4ox; transcriptional regula-
tion, thereby enabling new tools and concepts for P. pastoris based
gene expression. A series of cis-acting DNA sequences and also the
first two transcriptional activators Mxrlp and Prm1p were identi-
fied. Furthermore there was also evidence for regulatory roles of a
zeta crystalline and hexose transporters in P4ox; regulation.

Cis-acting regulatory sequence elements
Cis-acting regulatory elements in the promoters of methanol
regulated genes have been studied in different methylotrophic

yeasts such as H. polymorpha [30,31], C. boidinii [32,33] and also
extensively in P. pastoris. Research in P. pastoris has mainly focused
on Pyox; and Pyox2 by performing deletion and insertion studies
or comparative sequence analysis. In addition an early study was
performed using a previously uncharacterized P. pastoris strain
[34]. An alcohol oxidase gene, named ZZA1, was identified by
hybridization with an AOX1 oligonucleotide and the promoter of
ZZA1 showed 66% identity to Psox;. This promoter was used to
express an a-amylase gene in S. cerevisiae to produce ethanol from
starch. The authors identified putative transcription factor bind-
ing sites (TFBS) in the Pzz4; sequence and also highly conserved
sequence motifs between Pzz4; and the promoters of methanol
inducible genes from various organisms such as P. pastoris AOX1,
AOX2, H. polymorpha MOX, DAS and C. boidinii S2 AOD1. It was
argued that these conserved motifs resemble the TFBS of S. cere-
visiae Gcrl and Rapl, both activating factors. Notable unique
elements from Pz,; include a putative upstream repressing site
and a putative binding site for a S. cerevisiae TF encoded by the
ADRI1 (alcohol dehydrogenase regulator 1) gene. Adrlp activatesin
S. cerevisiae various glucose repressed genes such as alcohol dehy-
drogenase (ADH2) [35], fatty acid metabolism and peroxisomal
biogenesis genes [36,37]. This indicates that the P. pastoris homo-
log of ScAdr1p could have adapted to the regulation of methanol
induced genes. Lin-Cereghino et al. identified later indeed a posi-
tive regulator of methanol inducible genes, Mxrlp (methanol
expression regulator 1), which is a homolog of ScAdrl1p (see also
section ‘Trans-acting factors’) [28].

In conclusion, the Pzz4; study indicated first possible regulatory
sequences which were however only identified by sequence
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FIGURE 1

Cis-acting sequence elements of the AOX7 promoter and their effect on expression. A schematic representation of the most commonly used AOXT promoter
sequence (from Bglll restriction site to start codon) is given. The Pstl, Bglll, Sacl, Pmel, BamHl restriction sites, TATA box and transcriptional start site (TSS) are shown.
The translational start is indicated by +1. Sequence elements identified by systematic deletion studies by Inan [42], Xuan et al. [45] and Lin-Cereghino et al. [28] are
shown below the strand ruler. Putative TFBS identified by Hartner et al. [44] using MatInspector software and related deletion studies are shown above the strand
ruler. If reported, the effect of the deletions is given in parentheses in percent of wild-type promoter activity (under methanol induction). Inan performed
sequential and drop out deletions, and both effects are given separated by a slash. Hartner et al. tested in total 46 deletion variants; here only deletions of the
putative TFBS and longer stretches (d1 to d9) are shown. Hartner et al. did not provide percent of wild type activity values for all deletions, therefore the values
shown here were calculated from Supplementary Table 3 of Hartner et al. (using the values at 72 hours induction). There are three putative Hap2/3/4/5 binding
sites present, the first two are close together, and therefore just shown as one site. In case of the putative QA-1F site, the first value represents the deletion only of
the putative TFBS, and the second value represents a deletion of additional six bp adjacent to the TFBS. Also the putative UAS suggested by Ohi et al. are depicted
[39]. Elements shown in gray are bound by proteins, as they caused a band shift with cell extracts from cultures grown on methanol in the respective studies.
Experimentally verified Mxr1p binding sites (MXRE, MXR response elements) are shown as dashed boxes and numbered according to Kranthi et al. [48].
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comparison, but not verified by deletion or insertion studies [34].
Practically all other P. pastoris related research was performed
using strains based on GS115/X33/KM71, CBS7435/NRRL Y-
11430 or DSMZ 70382 and not the unique isolate bearing Pz4;.
Furthermore P24, characterization was only described for the host
S. cerevisiae [38], but not P. pastoris and due to the low sequence
identity of 66% it is difficult to transfer the P;,4; derived results
directly to Paox;-

The first deletion study in P. pastoris was performed by Ohi et al.
using the promoter of the AOX2 gene [39]. In early studies, Aox1p
accounted under all tested growth conditions for most of the
methanol oxidizing activity and no clear physiological role of
Aox2p was found. Deletion of AOXI resulted in a strongly
decreased growth rate on methanol, whereas the deletion of
AOX2 retained a wild type like growth. The two genes have
97% identity on the amino acid level but no obvious similarities
in their promoter regions. It was furthermore shown that the
difference in Aox activities is the effect of transcriptional regula-
tion. This was done by placing the coding sequence (CDS) of AOX2
under control of Psox;. The respective strain showed the same
growth rate as the wild type, whereas the reverse exchange of the
AOX1 CDS under control of P4ox2 caused a strong growth defect
[23].

Despite their different sequence and dissimilar expression
levels, Paox; and Psox2 show the same basic regulation pattern,
as both require the lack of a repressing carbon source and presence
of methanol for induction [23,39]. Therefore P,ox2> based studies
also appear relevant for understanding the regulation of Psox;.
Ohi et al. identified negative and positive regulatory elements of
Piox2 by deletion and addition of sequence stretches [39]. These
studies indicated one upstream activating sequence (UAS) and two
upstream repressing sequences (URS). The identified UAS showed
similarities with P,ox; and also the promoters from MUT genes of
other methylotrophic yeasts such as C. boidinii AODI1 and H.
polymorpha DAS. Although it might be easier to improve a weak
promoter like P4ox> than the exceptionally strong P,ox; promoter
[17], remarkable progress was made in the understanding of
methanol inducible promoters. Shortened promoter variants with
added UAS showed a more than 100-fold increase in human serum
albumin (HSA) expression (from 1 to 120 pg/ml). Whether such an
improvement is transferable to the strong Psox;, where several
mg/ml HSA can be obtained [40,41], remained unclear.

The first P4ox; based systematic deletion studies were performed
in frame of a PhD thesis [42] and a related patent [43]. Inan [42]
truncated the P,ox; sequence from the 5’ end by sequentially
deleting five fragments named A to E (Fig. 1). The stepwise decrease
of the promoter length concomitantly reduced the methanol
induced expression of the reporter lacZ. This classical truncation
approach for promoter studies resulted in generally lower lacZ
activities, because large regions, probably containing several TFBS,
were deleted in each individual truncation variant. Therefore
internal ‘dropout’ deletions of fragments B to E were also per-
formed, leaving the 5’ promoter part upstream of the deleted
fragment intact. Deletions of fragments B and E resulted in
decreased reporter activity (63 and 16% of wild-type P4ox; activity
were observed), whereas deletions of fragments C and D increased
the activity to 109 and 128%. This seems to contradict results of
the deletion of the d1 region by Hartner et al. [44]. The d1 region is

part of region B deleted by Inan but a d1 deletion increased the
promoter activity significantly. This indicates the location of
several important binding sites in region B and a combined effect
of lost positive and negative sites upon deletion of this region. All
fragments were tested for protein-DNA interactions with cell
extracts from methanol induced and ethanol repressed cultiva-
tions. In these electrophoretic mobility shift assay (EMSA) experi-
ments only fragments A and C showed specific DNA-protein
complexes, with cell extracts from methanol induction. These
interactions were considered to arise from interactions with dif-
ferent proteins, as fragment A did not compete binding of frag-
ment C and vice versa. Unfortunately, the bound proteins were
not further characterized [42]. Three fairly long fragments of Paox;
were sequentially deleted by Lin-Cereghino et al. [28] (Fig. 1) to
identify binding regions of the TF Mxr1p (discussed in the section
about trans-acting factors). However, while this study mapped a
putative Mxr1p binding site, the deletion studies of Inan [42] and
Xuan et al. [45] achieved a higher resolution by deleting shorter
sequence stretches and also included internal drop out deletions.
This allowed to map also none additive effects, which are solely
obtained by sequential deletion studies.

An alternative design for deletion studies was followed by
Hartner et al. [44,46]. In contrast to sequential deletions of large
sequence stretches, putative regulatory cis-acting elements of the
Piox; sequence were identified by sequence similarities to known
TFBS from other organisms. Subsequently systematic single- and
multisite deletions of those short sequence stretches were per-
formed (Fig. 1). Thereby a first promoter library was created, that
included 46 variants showing between ~6 and >160% of the wild-
type promoter activity employing GFP as a reporter. For the most
important promoter variants single copy integration of the expres-
sion cassette was verified by qPCR and the results were reevaluated
with other reporter proteins. Transcript levels have not been
determined but because GFP expression usually increases with
copy numbers it might be speculated that strong GFP fluorescence
also indicates high mRNA levels. In the same library variants with
different regulatory patterns (e.g. derepression) were also identi-
fied. The deletions of varying short stretches (2-59 bp) of these
TFBS and longer internal fragments (termed d1 to d9) showed
different effects. For several putative TFBS (e.g. HSF, Adr1, Mat1-
Mc), a clear reduction of Psox; driven expression was observed
(22-43% fluorescence intensity compared to wild-type promoter
driven GFP expression, Fig. 1). In one case the deletion of only two
bp (at position —209 and —210) abolished GFP expression almost
completely (only 6% of wild type fluorescence left) indicating the
high importance of this putative TF binding site.

However, improvements of the strong AOX1 promoter could
also be achieved, for example, by deletion of a longer stretch at the
5’ end (fragment d1). Combination of multiple beneficial deletions
also showed additive effects, and the best variant reached more
than 160% of the wild-type promoter activity. The authors rea-
soned that deleted stretches leading to decreased expression might
be binding sites for activators. Increased GFP fluorescence by
contrast indicated possible repressor binding sites. Therefore they
designed synthetic promoters, by fusing various putative TFBS of
activators to a basal core promoter region. Compared to the core
promoter alone, several synthetic promoters showed increased
expression levels and altered regulatory patterns. Namely a tighter
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glucose dependent repression, and enhanced expression under
both derepressing and induced conditions have been achieved.
Because all variants were made by deletions, structural effects in
the DNA or disturbance of the interaction of different trans-acting
proteins cannot be excluded.

Interestingly, the deletion variants d6 and d6* also showed a
notable altered regulation. They caused increased expression after
the carbon source was depleted (derepression). This variant still
required methanol for full induction, but the protein production
started earlier during the production process resulting for example
in twice as much active horseradish peroxidase as the control
employing the wild-type promoter [44].

On the basis of the findings of Hartner et al. [44], a similar
strategy of fusing cis-acting elements to a core promoter was also
applied by Ruth et al. and led to higher productivity and yields of
porcine trypsinogen using Paox; derived variants [47]. Previously
characterized sequence elements from Hartner et al. and novel
regulatory elements were fused to the P,ox; core promoter
sequence. These new variants showed up to 218% activity of
the wild-type Paox:1 and also altered regulation patterns. Most
notably a derepressed variant reached without methanol induc-
tion 77% of the wild-type activity after 96 hours of methanol
induction. However, it is notable that there were multiple copies
of this variant present, but only one copy of the wild-type Paox1
was present. Nevertheless this was the first proof that very short
semisynthetic promoters built on the basis of a natural core
promoter can be used to obtain higher titers of some target
proteins. In addition this variant was also shown to be applicable
for a methanol-independent fed-batch process.

Various regulatory sequences affecting Paox; expression were
also identified by Xuan et al. They deleted nine adjacent fragments,
named regions A to I (Fig. 1) [45]. In contrast to the studies of Inan
and Lin-Cereghino et al., these fragments were overlapping [28,42].
Most deletions led to a decrease of GFP reporter activity and
decreased transcript levels as determined by RT-qPCR. Notably
the deletion of regions D and E led to only 16% and 14% activity
of the wild-type promoter under methanol induction. All fragments
were analyzed for DNA-protein interactions by performing an
EMSA. Cell extracts prepared from cultures grown on methanol
or glucose and methanol displayed a specific band shift only with
region D, but none of the other tested sequence elements. The
authors noticed that a stretch of region D showed similarities to the
TFBS of the transcriptional activator Adrlp from S. cerevisiae (also
Hartner et al. had identified a putative Adrlp binding site in this
region [Fig. 1] [44]). Additionally, insertion of three adjacent copies
of region D to the region D deletion variant increased the reporter
protein level to 157% of the wild-type promoter. These results
indicated that region D is the binding site for a transcriptional
activator involved in methanol induction. Lin-Cereghino et al.
had shown that Mxr1p, the P. pastoris homolog of Adrlp, is a key
activator of methanol induced genes [28]. Therefore Xuan et al.
argued that the TFBS of Adr1p and Mxr1p could also be conserved
and region D might be a binding region for Mxr1p. Indeed Kranthi
etal. [48] showed independently by EMSA and DNase1 foot printing
that region D contains even two Mxr1p binding sites (discussed in
detail in the following section trans-acting factors, see also Fig. 1).

In summary, these sequence-based approaches identified cis-
acting regulatory elements, improved the already strong Paox; and

also provided new variants showing different regulatory patterns.
Additionally, more simple short promoters composed of a basic
core promoter sequence and additional positive regulatory
sequences have been obtained. Generally, the results of the dif-
ferent studies match fairly well, but there are also a few notable
discrepancies. Inan [42] and Xuan et al. [45] deleted approximately
the same fragment (InanC and XuanD, Fig. 1). However, the
dropout deletion of XuanD decreased the activity to 16% of the
wild-type promoter, whereas the dropout deletion of InanC
retained wild type like activity (109%). Consequences to the
DNA structure influencing the interaction of DNA-binding pro-
teins might be one possible explanation. Deletions by Hartner et al.
[44] in this region also caused a loss of activity (e.g. fragment d2
only 34% of wild type activity). Notably, for both the InanC and
XuanD fragment DNA-protein interactions were demonstrated in
EMSA experiments with cell extracts from methanol grown cul-
tures. Kranthi et al. [48] later identified two Mxrlp binding sites
(MXRE3 and MXRE4, MXR reponse element) in the region covered
by InanC and XuanD using the recombinantly produced DNA-
binding domain of Mxr1p (Fig. 1 and also the next section about
trans-acting factors). This suggests that the bandshifts arise from
Mxrlp binding and that this region is crucial for methanol-depen-
dent Poox1 induction. Concerning the other Mxr1p binding sites
MXRE1, 2, 5 and 6, the results from the EMSAs were somewhat
inconsistent. Fragment A of Inan caused a band shift with metha-
nol grown cells, but the experiments of Xuan ef al. with fragment A
did not confirm these results. InanA is longer than XuanA, which
might explain the difference. However, MXRE1 identified by
Kranthi et al. [48] lies within both regions (Fig. 1). As Inan showed
that the binding events to region A and C are not competing each
other, and InanC is most probably bound by Mxr1p, this would
suggest that a different protein is binding to InanA, possibly in a
region upstream of the BgIII site which was not studied by others.
Lin-Cereghino et al. [28] identified a Mxr1p binding fragment close
to the 3’ end of the promoter, using a strain overexpressing Mxr1p.
Fragment E of Inan also lies in this region, but did not show a band
shift, possibly because Mxr1p was not overexpressed in this study.
Kranthi et al. [48] identified two Mxr1p binding sites (MXRES and
6) lying exactly in InanE and the fragment used by Lin-Cereghino
et al. [28]. Taking these results together suggest that Mxr1p binds
MXRE3 and 4 with higher affinity than MXRE1,2, 5 and 6, because
fragments containing MXRE3 and 4 formed a band shift directly
with cell extracts of wild type strains, whereas a fragment contain-
ing MXRES and 6 could only cause a bandshift upon overexpres-
sion of Mxr1p. Determination of the Mxr1p dissociation constant
(Kq) by Kranthi ef al. showed indeed that MXRE4 has a lower Kq4
than MXRE6 (70 vs. 150 nm) [48]. MXRE1 even had a higher
affinity than MXRE4 and 6 (K4 of 50 nwm). It is also striking that
the Mxr1p binding sites seem to be organized in tandem (Fig. 1).
MXRE1&2, 3&4 and 5&6 are arranged in close proximity, however
the significance (e.g. for cooperative binding) has not been inves-
tigated.

Concerning the outcome of the deletion studies, it is interest-
ing to see, that the two different sequence-based approaches
applied by Inan [42] and Xuan et al. [45] versus Hartner et al.
[44] displayed similar results. Hartner et al. [44] based their
analysis on literature research and computational analysis relying
only on deletions of putative TFBS, whereas Inan and Xuan et al.
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performed a systematic deletion analysis by dividing Paox; into
adjacent overlapping fragments (Fig. 1). Still the best variants of
both studies reached similar expression levels compared to the
wild-type (Hartner et al. [44] >160%, Xuan et al. [45] 157%).
Nevertheless the deletion of short predicted TFBS delivered dif-
ferent results for specific regions than deletions of larger regions,
which resulted only in combined effects of several TFBS. In
addition the knowledge of specific short positive and negative
regulatory sequences as well as the known Mxr1p binding sites
allow the design of short synthetic promoters.

All these studies aimed to identify UAS and URS relevant for
transcriptional regulation, thereby focusing on sequences
upstream the transcription start site and the TATA box core
promoter region. Notably, the 5’ untranslated region (5’ UTR),
which effects translation initiation and mRNA stability, was left
mostly untouched (Fig. 1). Recently, Staley et al. investigated the
effect of the AOX1 5’ UTR on expression by performing deletion
and addition studies in a similar fashion as the promoter based
studies [49]. This revealed that the AOX1 5 UTR affects mostly
translational efficiency, but not mRNA stability as determined by
Northern blotting and that there are both positive and negative
regulatory elements present.

Trans-acting regulatory factors

The sequence-based approaches of identifying cis-acting sequence
elements, have to some extent given indications about trans-
acting DNA-binding proteins and possibly involved TFs. Inan
[42] and Xuan et al. [45] showed that certain sequence stretches
of Pyox; form a DNA-protein complex with cell extracts from
methanol induced cells. However, the proteins involved had not
been purified or characterized by mass spectroscopy, leaving their
identity unknown.

The first TF involved in P4ox; regulation in P. pastoris was identi-
fied by Lin-Cereghino et al. and was named methanol expression
regulator 1 (Mxrl) [28]. MXR1 was shown to be crucial for the
activation of numerous genes involved in MUT and peroxisome
biogenesis (PEX genes). Initially a mxr]l mutant was obtained by
random mutagenesis in a search for strains defective in peroxisome
biogenesis [50]. In contrast to other pex mutants, the mxrl mutant
could not induce P4ox;. Deletion of MXR1 in the wild type strain
resulted in abolished growth on the peroxisomal substrates metha-
nol and oleate. In conclusion, the mxrl deletion strain showed
under methanol induction highly reduced protein and mRNA levels
of AOX1 and other genes involved in MUT, indicating that Mxr1pis
a key regulator of methanol induced genes [28].

Mxrlp was found to show similarities to the zinc finger DNA-
binding domain and other motifs of S. cerevisiae Adrlp, a TF
involved in regulation of glucose repressed genes needed for
growth on nonfermentable carbon sources [35-37]. Notably,
already in the first P,ox; related sequence based deletion study
using Pzz4; [34], the authors had identified putative Adrlp bind-
ing sites in this P. pastoris alcohol oxidase promoter and discussed
its significance (see previous section about cis-acting sequences).
Also later sequence-based studies of P,ox; identified putative
Adrlp binding sites [44,45]. Lin-Cereghino et al. reasoned that
P. pastoris Mxrlp is a homolog of S. cerevisiae Adrlp and has
evolutionary adopted to regulate genes involved in the methanol
metabolism [28].

The binding of Mxrlp to Psox; was first evaluated by Lin-
Cereghino et al. by investigating a putative regulatory region
identified by deletion studies [28]. An EMSA experiment showed
that cell extracts of an Mxrlp overexpressing strain grown on
methanol caused a band shift with a 243 bp long region of P,ox;
(Fig. 1). However, as only three fairly long fragments (d1 to d3) of
Paox;1 were tested by sequential deletion studies, the presence of
multiple binding sites could not be ruled out.

Indeed, a systematic analysis for Mxr1p binding sites in P4ox; by
Kranthi et al. [48], revealed six binding sites (termed MXRE, Mxr1
response elements) by EMSA and DNasel footprinting experiments
(Fig. 1) [48]. These studies were performed in vitrousing a 150 AA N-
terminal fragment of Mxrlp, which contained the zinc finger
DNA-binding domain and was produced recombinantly in Escher-
ichia coli. The P,ox; sequence was divided into 16 fragments, six of
which showed a band shift with Mxrlp. The minimal Mxrlp
biding sites in these six fragments were identified by DNasel
digestion and found to be approximately 20 bp long containing
a 4 base pair 5 CYCC/GGRG 3’ core element.

These results match previous research as the Mxrlp binding
fragment identified earlier by Lin-Cereghino et al. [28] was shown
to even contain two Mxr1p binding sites. Also the putative TFBS of
ScAdrlp identified by Hartner et al. [44] was confirmed to be a
Mxrlp binding site.

In a following study Mxr1p binding sites were also identified in
the promoters of dihydroxyacetone synthase (DAS) and peroxin 8
(PEX8) [51]. As these two genes are involved in the MUT pathway
and peroxisomal biogenesis, the results emphasize the key regu-
latory function of MXR1 proposed earlier [28].

MXR1 seemed to be regulated post-translationally by the sub-
cellular localization, as it was constitutively transcribed at low
levels and found to localize to the cytosol in cells grown on glucose
but to migrate to the nucleus upon shift to methanol or oleic acid.
However, also when cells were grown on glycerol or ethanol
Mxrlp was localized in the nucleus, while AOX1 expression was
still repressed on these carbon sources. Therefore regulation of
MXR1 cannot solely rely on the subcellular localization of the
Mxrlp [28].

Very recently Parua et al. have shown that a P. pastoris 14-3-3
protein (GenBank accession no. CCA38880) is involved in the
regulation of Mxr1p in a carbon source dependent way [52]. 14-3-3
proteins are highly conserved in all eukaryotes and regulate sig-
naling proteins involved in diverse cellular processes. Typically 14-
3-3 interaction depends on the phosphorylation of serine or
threonine residues of the target protein. The name ‘14-3-3’ dates
back to the initial identification in frame of the systematic classi-
fication of brain proteins and refers to the purification fraction
number in which these proteins were found [53,54]. 14-3-3 pro-
teins have also been studied in yeast [55,56] and are notably
involved in the regulation of S. cerevisiae Adrlp, the homolog of
P. pastoris Mxr1p [57]. The S. cerevisiae 14-3-3 proteins Bmh1 and
Bmh2 bind to the regulatory domain of phosphorylated Adrlp,
thereby inhibiting it. A similar role was found for a 14-3-3 protein
in Mxrlp regulation in P. pastoris [52]. A sequence comparison
showed that Mxrlp contains a conserved 14-3-3 binding motif,
that is highly similar to the respective region of Adrlp. An inter-
action between Mxrlp and the 14-3-3 protein was shown by pull
down assays and found to depend on the phosphorylation of a
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conserved serine residue of Mxrlp. 14-3-3 binding to Mxr1p did
not affect DNA binding of Mxr1p, indicating a post-DNA binding
regulatory mechanism (e.g. possibly affecting the recruitment of
RNA polymerase II). Carbon source dependent binding of the 14-3-
3 protein to Mxrlp seemed to inhibit the expression of Mxrlp
regulated genes. A disruption of the interaction between 14-3-3
with Mxrlp by mutating the crucial serine residue of Mxrlp to
alanine, led to an elevated expression of Mxr1p regulated genes on
repressing carbon sources. The activating effect was clearly stron-
ger on ethanol than on glucose and glycerol, which indicated that
14-3-3 inhibits Mxr1p regulated gene repression especially in the
presence of ethanol [52]. This is an interesting finding, as glucose
and ethanol were already considered before to repress MUT genes
via different mechanisms in methylotrophic yeasts [58,59]. There-
fore it seems probable that there exist additional regulatory factors,
depending on the carbon source. Possible differences in transcript
levels of 14-3-3 in methanol grown cells compared to cells grown
on glucose or ethanol have not been discussed. Consequently,
elucidating the exact physiological role of 14-3-3 and more nota-
ble also the factors involved in repression under other carbon
sources than ethanol will require further studies.

Besides Mxrlp, another trans-acting factor was revealed in a
patent by Takagi et al. [60]. Deletion of a gene referred to as positive
regulator of methanol (PRM1, annotated in the P. pastoris CBS7435
genome sequence as uncharacterized transcriptional regulatory
protein YIL130W, GenBank accession no. CCA40959.1) resulted in
a growth defect on methanol but not glucose. This deletion also
reduced Pyox; and Ppas (the DAS promoter is described in more
detail in the section ‘Alternative promoters’) expression levels
under methanol induction (~50-fold decrease of the activity levels
of a phytase reporter gene for Pp,s). These findings indicated an
activating role of Prm1p in regulation of MUT genes. Interestingly,
constitutive expression of Prm1p and when grown on glucose
resulted in an increase in activity of a phytase gene under control
of P4ox7 01 Ppss. Thus a methanol-free expression from methanol
inducible and natural glucose-repressed promoters was achieved
by simply expressing the putative transcriptional activator Prm1p.
In detail, the P,ox; driven expression of the phytase was achieved
by constitutively expressing PRM1 under control of Pgsp and
growth on glucose containing medium. A 1.86- to 3-fold increase
of phytase gene expression compared to a not PRM1 overexpres-
sing strain was observed in individual transformants. However, the
expression level was not compared to a wildtype strain expressing
the reporter under control of P4ox; under methanol induction,
leaving the significance of these results unclear. In addition the
growth behavior of strains constitutively overexpressing this TF
was not described.

The corresponding experiment using Ppas to control the phy-
tase expression, led in different clones to a 7.6- to 44-fold increase
of reporter gene expression compared to a not PRM1 overexpres-
sing strain. The expression compared to methanol induction was
again not investigated.

The authors of this patent application did not provide experi-
mental evidence for the mode of action, but argue that Prm1p is
binding to the promoters of methanol inducible genes, so the role
of Prm1p as a TF is not fully verified.

Additionally to the PRM1 coexpression experiments, constitutive
expression of MXR1 under control of Pg4p was also investigated

under growth on glucose. This resulted in a 7.6-fold increased
activity of the phytase expressed from P,ox; compared to the
non MXRI coexpressing strain. Again no comparison to methanol
induction or comparative biomass production was performed. The
7.6-fold increase might still account only for a low absolute expres-
sion level, as P4ox; is increased ~1000-fold from glucose to metha-
nol [27]. Furthermore, the results of the MXR1 coexpression seem to
oppose previous findings by Lin-Cereghino et al., where overexpres-
sion of MXR1 under control of P4ox; caused a growth defect on
methanol and inhibited expression of MUT genes [28]. Addition-
ally, Mxr1p was shown to localize to the cytoplasm when grown on
glucose and to migrate only upon shift to gluconeogenic carbon
sources to the nucleus. This raises the question how constitutively
overexpressed Mxr1preaches the nucleus during growth on glucose.
Therefore the findings by Takagi et al. and Lin-Cereghino et al. [28]
are not entirely consistent and would require further investigation
to clarify the activating mechanism of Mxrlp.

In addition to the activators Mxrlp and Prmlp, a hexose
transporter responsible for glucose and fructose uptake has also
been shown to be involved in P4ox; regulation [61]. Two hexose
transporter homologs, HXT1 and HXT2, were identified in P.
pastoris and shown to complement a S. cerevisiae mutant deficient
in monosaccharide uptake. A P. pastoris hxtl deletion strain
showed P4ox; expression when grown on glucose, therefore indi-
cating abolished catabolite repression. This deletion strain showed
still a wild type like growth behavior on glucose, indicating that
the derepression was not simply caused by lower intracellular
glucose levels. Similar regulatory roles of hexose transporters have
been studied extensively in other yeasts such as S. cerevisiae [62]
and notably also the methylotrophic yeast H. polymorpha [63,64].
Deletion of the H. polymorpha hexose transporter homolog
HpGCR1 led to the constitutive expression of the H. polymorpha
alcohol oxidase (HpAO) gene and other peroxisomal proteins
when grown on glucose [63]. Also a H. polymorpha hxtl deletion
strain showed weak transient derepression of HpAO [64].

Another trans-acting factor possibly involved in P4ox; regula-
tion is zeta crystalline (Ztal), a single-stranded DNA (ssDNA)-
binding protein [65]. The authors were looking for proteins bind-
ing to the Psox; sequence by EMSA and thereby identified a
protein binding to the region of —288 to —115 of P4ox;. Subse-
quent sequencing of a tryptic fragment identified the protein as a
homolog of E. coli, S. cerevisiae and mammalian Ztalp. Ztalp from
cell extracts or recombinant production showed an identical
binding behavior to Psox; sSDNA. Interestingly, Ztalp binding
is abolished in presence of NADPH but not NADH in vitro. As Ztalp
isa NADPH-dependent quinone oxidoreductase and the homologs
in other organisms are upregulated under oxidative stress [66], it
could play a similar role in P4ox; regulation [65]. Remarkably,
cytochrome ¢, another redox protein and component of the
mitochondrial electron transport chain, was shown to bind
sequence specific to the AOX2 promoter [67]. These findings could
hint a possible regulatory involvement of oxidative stress and
respiration in the regulation of AOX promoters.

In summary, the findings on both, cis- and trans-acting factors
have revealed a complex regulation mechanism of P4ox;, invol-
ving multiple factors. At least two activators, Mxr1lp and Prm1p,
were identified and one (Mxrlp) characterized in detail. Beside
these direct activators, there was also evidence of a second level of
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regulation. Mxr1p mediated activation was shown to be repressed
by a 14-3-3 protein. However, because this effect was dependent on
ethanol as carbon source, it seems possible that there are also
alternate regulators taking over similar functions on other carbon
sources. Also the exact molecular mechanisms of hexose trans-
porter dependent repression of P4ox; and also the function of
Ztalp remain to be elucidated.

GAP promoter

The major advantages of P4ox; driven expression are the strength
and the tight regulation of this promoter. Especially for the
production of toxic or detrimental heterologous proteins, the
inducibility with methanol is favorable. Cultures can at first be
grown to high cell densities under repressing conditions and in a
second phase, heterologous protein production can be started by
methanol induction [3]. However, this requires a two-step cultiva-
tion procedure, which increases the process time and handling
efforts. For nontoxic proteins, which do not hamper cell growth, a
strong constitutive expression system can help to minimize culti-
vation efforts and lead to a higher space/time yield.

Waterham et al. have characterized the P. pastoris glyceraldehyde
3-phosphate dehydrogenase gene (GAP) and showed that its promo-
ter is strong and constitutive, reaching similar expression levels as
Piox; [68]. Because of the constitutive expression, no induction
step is needed which shortens and simplifies the process time for
protein production and in some cases delivered similar and even
higher product titers than P,ox; driven expression. For these
reasons, Pg4p has emerged as the most commonly used alternative
to Paox;- Expression from Pgap has been studied with respect to
optimal vector design, the regulatory pattern and HCD bioreactor
cultivations (reviewed by Zhang et al. [69]).

The GAP gene was initially isolated from a genomic library by
colony hybridization with a probe of a S. cerevisiae GAP homolog.
GAP is principally constitutively expressed, although there is a clear
influence of the carbon source on the expression strength. Namely
Northern blots showed, that the GAP mRNA levels were highest in
cells grown on glucose and decreased approximately to two-thirds
on glycerol, half on oleic acid and one-third on methanol [68].
Interestingly, the oxygen supply was also shown to affect Pgap
driven heterologous protein production [70]. Hypoxic conditions
led to a three- to sixfold increased specific productivity in the
production of three different but difficult to express heterologous
proteins (a Fab fragment, human trypsinogen and porcine trypsino-
gen). Also the process times were decreased threefold and the
volumetric productivity increased about twofold. In these studies
P. pastoris was also shown to produce ethanol under hypoxic con-
ditions (up to approximately 15 g/l), implying a change to oxido-
fermentative metabolism. The authors surmised that the hypoxic
conditions could lead to a transcriptional upregulation of glycolysis
genes like GAP [70]. However, these assumptions were not verified
by the analysis of the transcript levels. Therefore it would also be
possible, that the hypoxic conditions led to a weaker transcription
by Pgap, which could have been favorable for the expression of these
difficult to express heterologous proteins.

Also in studies of P. pastoris alternative respiration, there were
indications that P;4p driven expression is not entirely constitutive
but regulated under certain conditions [71]. The authors investi-
gated the expression of a fusion protein of an alternative oxidase

and GFP under control of Pg,4p. They noticed that the fluorescence
increased upon depletion of glucose strongly for approximately
two doubling times where transiently also some ethanol was
produced. Yet the mechanism is unknown, and this effect was
also noticed in other cases before [71].

In contrast to P,ox; there is hardly any information available on
cis-acting sequence elements or trans-acting factors involved in
Pgap regulation. Still, there have been efforts to optimize this
already very strong promoter. Qin et al. took a random approach
and created a library of Pgap variants spanning a wide range of
activities, which helped to optimize the expression of a methio-
nine adenosyltransferase [72]. The starting point was a random
mutagenesis of the Pg4p sequence by error-prone PCR and the
screening of ~30,000 clones with a GFP variant as reporter gene.
This resulted in Pg4p variants ranging from ~0.006- to 19.6-fold
wild-type promoter activity. Seven variants, spanning the whole
range, were further studied by determination of transcript levels by
RT-qPCR and the use of two additional reporter enzymes (lacZ and
the methionine adenosyltransferase). These strains were also con-
firmed to contain a single copy of the expression cassettes by
qPCR. These results matched the initial results, the transcript
levels were in some cases even more than 50-fold increased com-
pared to the wild-type promoter [72]. It should be noted that these
results are in a somewhat unclear relation to P4ox; based findings.
Piox; and Pgap were considered to provide similar expression
levels under the respective optimal growth conditions [68]. Pub-
lished reports about Psox; optimization resulted however in a
maximal 1.6-fold increase compared to the wild-type promoter
[44,45] and not an almost 20-fold increase as in the case of Pgup.

Alternative promoters

Despite the advantages of tightly regulated P,ox; driven expres-
sion, the induction with methanol (a toxic and flammable com-
pound) was considered problematic for safety reasons, especially
for large-scale production [69]. Furthermore the strong expression
from Pyox; and Pgap is not always the most favorable condition for
heterologous protein production. If the correct folding of the
heterologous protein or processing in the secretory pathway is
the limiting step for high amounts of active product, a weaker
expression level can be more desirable [3,73,74]. For example in
the studies of P4ox; variants, weaker and differently regulated
variants showed higher yields of porcine trypsinogen than the
wild-type promoter [47].

For these reasons, and also for the purpose of simultaneous
expression of multiple different genes, there have also been efforts
to identify alternative promoters with different regulatory proper-
ties and expression levels (Table 1 for an overview). In general
these promoters are by far less well-studied than P,ox;, and hardly
any published research has been reported on cis-acting sequence
elements or trans-acting factors involved in their regulation. Some
promoters have already been discussed in previous review articles
[3,69,75], therefore this section will focus on novel promoters.
Information already available will only be shortly summarized and
supplemented with new findings.

Promoters, which were already reviewed include Pg;p; (formal-
dehyde dehydrogenase), Pppxsg (peroxin 8), Pypr; (a GTPase
involved in secretion) [3], Paox2 (alcohol oxidase 2) and Pjc;;
(isocitrate lyase, ICL) [75].
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TABLE 1

Promoters of P. pastoris genes used for heterologous protein expression. The approximate expression levels of alternative promoters
relative to the classic promoters of AOX7 and GAP (listed at the top of the table) are given if they were provided in the respective
reference. Promoters characterized by Stadlmayr et al. [93] were tested under different cultivation conditions with multiple reporter
proteins, therefore the estimated expression range from weakest to highest is given

Gene name Gene product Regulation Expression level Reference
AOX1 Alcohol oxidase 1 Induced by methanol Strong (naturally ~5% of [3,21,27,29]
mMRNA and ~30% of total protein)
GAP Glyceraldehyde 3-phosphate Constitutive Strong (similar to Paox;) [68]
dehydrogenase
AOD Alternative oxidase Expression on glucose but not on ~40% of Pgap [71]
methanol or upon glucose depletion
if integrated in natural locus
AOX2 Alcohol oxidase 2 Induced by methanol ~5-10% of Pyox; [22,23]
DAS Dihydroxyacetone synthase Induced by methanol Strong (similar to Paox:) [21,27,29,85]
ENO1 Enolase Constitutive ~20-70% of Pgap [93]
FLD1 Formaldehyde dehydrogenase Induced by methanol Strong (similar to Paox;) [76]
and methylamine
GPM1 Phosphoglycerate mutase Constitutive ~15-40% of Pgap [93]
HSP82 Cytoplasmic chaperone (Hsp90 family) Constitutive ~10-40% of Pgap [93]
ICL1 Isocitrate lyase Derepression and ethanol induction Not compared to Pox; or Pgap [83]
ILV5 Acetohydroxy acid isomeroreductase Constitutive ~15% of Pgap [108]
KAR2 ER resident chaperone (also termed Bip) Constitutive ~10-70% of Pgap [93]
KEX2 Endopeptidase involved in the Constitutive ~10% of Pgap [108]
processing of secreted proteins
PET9 ADP/ATP carrier of the inner Constitutive ~10-1700% of Pgap [93]
mitochondrial membrane
PEX8 Peroxisomal matrix protein Induced by methanol or oleate Weak [3,79]
PGK1 Phosphoglycerate kinase Constitutive ~10% of Pgpp [92,93]
PHOB89 or NSP Sodium-coupled phosphate symporter Induced by phosphate limitation Strong (similar to Pgap) [103,104]
SSA4 Heat shock protein Constitutive ~10-25% of Pgap [93]
TEF1 Translation elongation factor 1 alpha Constitutive and strong Strong (similar to Pgap) [93,99,100]
growth association
THI11 Protein involved in thiamine Completely repressed by thiamin ~70% of Pgap on medium [93,111]
biosynthesis lacking thiamin
TPI1 Triose phosphate isomerase Constitutive ~10-80% of Pgap [93]
YPT1 GTPase involved in secretion Constitutive Weak [3,80]

Prp; was described to show similar strength as P4ox; and also
regulates the expression of a key enzyme of the MUT pathway [76].
However, in contrast to Paox;, Prip; is not only regulated by the
carbon source but also the nitrogen source. This property was used
to develop a methanol-free production process using methyla-
mine for induction even in presence of glucose [77]. Pr;p; has been
repeatedly used [78] and lately there were also commercial Prp;
based vectors released (Life Technologies, Carlsbad, CA, USA).

Ppexs and Pypr; are weak promoters and considered alternatives
in case P4ox; Or Pgap driven expression is too strong, however they
have only rarely been used [79,80]. Kranthi et al. identified five
Mxr1p binding sites in the Ppexs sequence [51]. Interestingly, the
strong P,ox; promoter contains only one site more, so the number
of Mxrlp binding sites seems not to correlate with the promoter
strength.

Paoxz is providing about 10-20 times weaker expression than
Poxi, but it is also methanol inducible and shows the same tight

regulatory profile as AOX1 [22,23,75]. Paox2 expression was also
optimized by adjusting the growth medium [81] and identifying
regulatory elements [39,82] (see also section about P4ox; regula-
tion).

P;cr; was used to express a dextranase and shown to be regulated
on the transcriptional level by the carbon source by derepression
and ethanol induction [83]. However, no comparison between
Picr; and the benchmark promoters Pyox; and Pgsp was per-
formed. Therefore the regulatory features, strength and applic-
ability of Pjcr; remained unclear [75].

DAS promoter

Ppas is a promoter from the MUT pathway showing a similar

regulatory pattern and expression level as P4ox; [27]. In an early

patent [29] and a related research article [27], only a single DAS

gene was identified. In principal, this gene had even been

previously reported in the screening of a cDNA library as an
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FIGURE 2

Putative promoter regions between the P. pastoris DAST and DAS2 genes. The annotation of the CBS7435 strain was used [85]. Only the first 500 bp of the 2124 bp
long DAS genes are shown, and the other elements are drawn to scale. HOB3, annotated as a probable guanine nucleotide exchange factor FLJ41603 homolog is
also shown. The part that was reversed in the sequencing of the GS115 strain by De Schutter et al. [84] is approximately shown, based on Fig. 4 of Kiiberl et al. [85].
The EcoRI/Hindlll fragment described by Tschopp et al. [27] and Stroman et al. [29] is depicted. Also EcoRl and Hindlll sites in the entire region are shown. The partial
fragment sequenced by Stroman et al. is also shown. The Pp4s sequences used by Tsutsumi et al. [87] and Kranthi et al. [51] are also highlighted. Furthermore the
Mxr1p binding sites identified by Kranthi et al. are also shown (the two most downstream binding sites are partially overlapping).

unidentified methanol regulated gene [21], but was not character-
ized as DAS until later [27]. Sequencing of the whole genome
revealed, that there are two highly similar DAS genes in P. pastoris.
The two genes are localized in the genome in close proximity to
each other in reverse orientation, separated by only 2488 bp
(Fig. 2) [84,85]. The two DAS genes show a high similarity of
91% [85]. In the first published sequence of the P. pastoris
GS115 genome [84], the beginnings of the two DAS genes and
the sequence between them were miss-annotated. Most probably
due to the high sequence similarity of the two DAS genes the
respective part was reversed. In a follow-up sequencing approach
of the closely related wild type strain P. pastoris CBS7435, this issue
was noticed and corrected (GenBank accession nos. CCA39320.1
and CCA39318) [85]. Notably the existence of the second DAS1
gene was also described previously in a patent application and the
related sequence is deposited in GenBank (accession no.
FJ752551.1) [86]. Yet the very beginnings of the DAS genes and
the upstream promoter sequence were also reversed in this
sequence in a similar fashion as by De Schutter et al. [84]. Inter-
estingly, there is also an additional gene annotated between the
two DAS genes (HOB3, annotated as a probable guanine nucleotide
exchange factor FLJ41603 homolog, GenBank accession no.
CCA39319.1). The biological significance of this arrangement
has however not been investigated. Research on the DAS promoter
reported so far, has been performed using the promoter sequence
of DAS2. Tschopp et al. used an approximately 1350 bp Ppas2
fragment containing an EcoRI/Hindlll fragment of Pp,s», to drive
the expression of a lacZ reporter gene [27]. This promoter was also
patented and thereby partially sequenced (the respective
sequences are shown in Fig. 2) [29]. Kranthi et al. identified seven
Mxr1p binding sites in Ppas, (Fig. 2) [51]. This is even one site more
than in the AOXI promoter [48]. However, in contrast to Paox;,
where the Mxr1p binding sites appear to be organized in tandem
(Fig. 1), the binding sites in Pp4s, are rather dispersed over the
whole promoter. There have also been efforts on optimizing Ppas

by Tsutsumi et al. [87]. Similar to other studies on Psox they
truncated the promoter length, performed internal deletions
and added putative activating sequences. These variants were
compared by using a phytase as reporter gene. For these studies
also the sequence of Pp,s, (shown in Fig. 2) was used (GenBank
accession no. GM709134). The authors did not mention the
existence of two DAS genes and refer to the used promoter incon-
sistently as Ppas;, indicating that they used the wrongly annotated
genome sequence of the P. pastoris strain GS115. While the pro-
moter sequence is the same in the different genome assemblies and
annotations, the DAS2 gene and not DAS1 is transcribed from the
reported promoter. The variants spanned 2-181% of the wild-type
promoter activity and putative UASs were identified. These results
were mainly achieved by focusing on an approximately 300 bp
long internal fragment and the addition of putative UAS close to
the 5’ end. Studies of the putative TF Prm1p also indicated that it is
involved in Pp4s, regulation [60]. The constitutive overexpression
of Prm1p led to Ppas, induction when grown on glucose (see also
the section about P4px; trans-acting factors).

In contrast to Ppasz, Ppass has so far only been little character-
ized in frame of an engineering study of the P. pastoris MUT
pathway. Krainer et al. noticed that both genes were induced to
the same extent upon MeOH addition [88].

PGK1 promoter

Phosphoglycerate kinase (PGK) is a constitutively expressed house
keeping gene involved in glycolysis and gluconeogenesis. The
individual native promoters of PGK have been widely used for
the construction of expression vectors in several yeasts such as S.
cerevisiae [89], Yarrowia lipolytica [90], Candida maltosa [91] and
others [92]. P. pastoris PGK1 was isolated by a PCR based approach.
Conserved amino acid regions of homologs from other yeasts were
identified and subsequently respective degenerate primers were
designed. PGK1 was then analyzed by a sequence-based approach
for homologies to other yeasts, conserved domains, its codon
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usage and regulatory cis-acting sequences in its promoter. The
promoter was shown to be regulated moderately by the carbon
source, as mRNA levels were two times higher on glucose than
glycerol. Ppgi; was used to express an alpha-amylase but expres-
sion levels were only measured semiquantitatively and only in
rough relation to P,ox; [92]. Stadlmayr ef al. characterized multi-
ple novel P. pastoris promoters with three different reporter pro-
teins [93]. In these studies Ppgx; showed consistently only 10% of
Pcap driven expression, indicating that Ppgk; is rather weak. Also
deletion studies were performed. However, possible regulatory
sequences have not been discussed and surprisingly a promoter
variant which was truncated to only 250 bp was long enough to
show full promoter strength [94].

TEF1 promoter

Translation elongation factor 1 alpha (Tef1) is a crucial component
of the eukaryotic translation machinery and mediates the delivery
of aminoacyl tRNAs to the ribosomes to sustain the elongation of
the peptide chain [95]. The TEF1 promoters from various fungi
Ashbya gossypii [96], Aspergillus oryzae [97] and Y. lipolytica [98]
show a strong constitutive expression suitable for heterologous
protein production. The P. pastoris TEF1 homolog was isolated by
the use of degenerate primers of conserved regions and its pro-
moter was studied in respect to regulation and expression levels
[99,100]. Northern blots revealed a growth associated expression
pattern of Prgr;, resulting in high Prgr; mRNA levels during
exponential growth and clearly reduced levels in the stationary
phase. Prgp; driven expression was compared to Pgap by using a
lipase fused to a cellulose binding domain as reporter gene. The
total activities measured from batch cultivation were similar for
both promoters, however Prgr; expression started earlier than Pgap
and showed a tighter coupling to the growth rate. In carbon-
limited fed-batch cultivations the activity levels of Prgp; driven
expression exceeded Pg,4p almost twofold. In studies by Stadlmayr
et al., Prgr; was also found to be a strong promoter, but depending
on the reporter protein and the cultivation time, the expression
was varying between a similar strength as Pg4p or less [93]. Similar
to the GAP promoter no specific cis- or frans-acting elements have
been described for this P.pastoris promoter.

AOD promoter

Alternative respiration is a shortcut of the respiratory pathway that
skips certain steps of the respiratory electron transfer chain
[101,102]. Also in P. pastoris, an alternative oxidase (Aod) was
identified and its significance for cell growth and viability was
investigated [71]. In course of this study, the expression level of a
fusion protein of the alternative oxidase and GFP was tested under
control of the AOD promoter and the GAP promoter. Interestingly,
P4op showed in the presence of glucose approximately the same
fluorescence levels as Pg4p. However, expression from P4op started
with a delay of about two to three hours. After reaching a peak at
glucose depletion, the fluorescence levels of P4op driven expres-
sion decreased steadily to zero. By contrast, P;4p fluorescence
continuously increased and reached about twice the fluorescence
of the P,op peak value. The authors argue that Aod is an unstable
protein. This would suggest protein degradation as the cause
for the fluorescence decrease in the P,op driven expression of
the Aod-GFP fusion protein. A possible explanation would be that

expression from P,op ceases after glucose depletion, so the pre-
viously produced Aod-GFP fusion proteins get degraded. The
constitutive GAP promoter would by contrast continue expression
even upon glucose depletion, leading to the further fluorescence
increase seen in the experiments. However, this explanation
would require further proof by testing P,op and Pg4p with a stable
reporter gene such as GFP alone. Interestingly P,op expression was
also not induced by methanol, hinting a carbon source dependent
regulation. The information currently available suggests that P»op
is a strong promoter, reaching similar expression levels as Pg4p on
glucose, but facing a repression or missing induction upon glucose
depletion or presence of methanol [71]. On the one hand, these
properties rather limit the achievable expression levels, as Paop
driven expression stopped at about half of the maximal expression
level of Pgap. On the other hand this alternative regulatory profile
might also be beneficial for the expression of certain proteins, as
also some synthetic P4ox; variants with lower expression levels
and altered regulatory profiles led to higher yields than the wild-
type promoter [47].

PHO89 promoter
P. pastoris PHO89 (also described as NPS promoter) was identified
during a search for genes upregulated under phosphate-limited
conditions and codes for a putative sodium-coupled phosphate
symporter [103,104]. Phosphate-responsive promoters have been
studied in other organisms as E. coli [105] and S. cerevisiae [106] and
shown to be highly induced under phosphate-limited growth
conditions. In an unrelated study, the P. pastoris acid phosphatase
(PHO1) showed ~100-fold increased activity under phosphate
limitation [107]. However, the transcriptional regulation of
PHO1 or the applicability for protein expression was not tested.

The putative promoter of PHO89 showed a strong regulation by
the phosphate concentration in the growth medium [103] by
applying the same lipase reporter enzyme used for the studies
of Prgrr [99]. Under high phosphate concentrations no lipase
activity was measured. Under reduced phosphate concentrations,
similar activity levels as with Prgp; or Pg4p were achieved. Notably
the specific productivity (lipase activity/biomass/time) of the
Pprogo based expression process was 7.4 or 14.8 times higher than
Prgrr or Pgap. The main reason was that the Ppyogo reached the
maximal activity earlier and there was also less biomass formed
than in the not phosphate-limited cultures of Prgr; or Pgap. The
volumetric lipase activity from Pppogo was however the same as
Prer; and approximately twice of Pg4p. However, this combination
of the reporter enzyme and growth parameters might not be
representative for all conditions. Prgr; driven expression was in
similar experiments also twice as high as Pgap [99], but with
different reporter enzymes and cultivation conditions only about
the same or less than Pgp [93]. Hence, the patented Ppyogo driven
expression appears to be a promising methanol-free system show-
ing similar expression levels as Pg4p, but the maximum achievable
expression levels remain to be verified with different reporter
enzymes. Concerning cis-acting regulatory elements, the
1044 bp long promoter was also truncated, showing that a basic
fragment of approximately 300 bp is able to mediate phosphate-
responsive expression [104]. Furthermore, the authors also iden-
tified two putative binding sites for the TF Pho4p, which indicates
that PHOS89 is regulated by the PHO regulatory system [103].
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Other promoters which are less well studied include the ILV5
and KEX2 promoters of P. pastoris [108]. An initial characterization
of the ILV5 promoter showed that significant constitutive activity
can be obtained using an approximately 1kbp long region
upstream of the ILV5 gene. Also a truncated version of approxi-
mately 0.5 kbp was at least strong enough to drive the expression
of selection marker genes in a new series of P. pastoris expression
plasmids [109].

Postgenomic promoter studies

So far, all mentioned promoter studies were based on the isolation
of the promoters by classic methods of genetics and molecular
biology. This involved for example the search for homologs in
other yeasts, then the design of degenerate primers binding to
conserved regions and eventually the PCR amplification of a part
of the CDS using these primers. Subsequently, the flanking region
containing the promoter must be identified by inverse PCR
[92,99,110]. Alternatively, to identify inducible promoters,
mRNAs upregulated under certain growth conditions can also
act as the starting point for the promoter search. This approach
requires reverse transcription to cDNA and also the identification
of the flanking regions [21,103]. However, sequencing of the P.
pastoris genome and the first microarray experiments enabled a
much simpler approach, as the promoters did not have to be
isolated tediously by classic methods. Stadylmayr et al. identified
24 promising promoters from micro array data or by a literature
search [93]. These promoters have also been reported as part of a
patent [111]. The microarray data have been obtained by probing
S. cerevisiae DNA microarrays with P. pastoris cDNA [112]. These
heterologous microarrays were initially performed because P. pas-
toris DNA microarrays were not available at the time of this study.
On the basis of the hybridization data of multiple cultivation
conditions, the promoters of the 15 genes showing the highest
expression levels were used for comparative studies [93]. Addition-
ally nine promoters were rationally selected by searching the
literature for strong and/or tightly regulated promoters from other
yeasts.

Subsequently, the promoter sequences were obtained from a
genome database (Integrated Genomics), then suitable primers
were designed and the promoters were PCR-amplified from geno-
mic DNA. All promoters were combined with three different
reporter proteins including two intracellular proteins EGFP
(enhanced GFP) and beta-galactosidase (lacZ) and the secreted
protein HSA. Strains bearing the respective expression constructs
were grown on different carbon sources (glucose, glycerol and
methanol) and reporter levels were determined at multiple time-
points. Notably also P4ox; and Pg4p were included as references for
strong methanol inducible and constitutive expression. In these
experiments, 12 out of the 24 novel promoters showed constitu-
tive expression under standard growth conditions in a full med-
ium containing glucose. Few other promoters showed weak
activity on glycerol or methanol, but the expression levels were
less than 10% of P4 p driven expression (promoters showing >10%
activity of Pgap are listed in Table 1). Notable constitutive pro-
moters stem from glycolytic genes as ENO1 or TPI1 and genes
involved in stress response like HSP82, KAR2 and $5§44. Depending
on growth conditions and the reporter used, these promoters were
giving similar or weaker expression than Pg4p. None of the new

promoters were convincingly under multiple tested conditions
stronger than Pg4p. Some novel promoters showed different reg-
ulatory profiles, like a stronger induction in the early or late
growth phase, but reached similar total expression levels. The
promoter of THI11, a gene involved in thiamin biosynthesis,
showed the most remarkable regulation pattern. It was completely
repressed on medium containing thiamin, but reached 70% of
Pgap on medium lacking thiamin. Therefore Pryy;; driven expres-
sion could be used to set up a methanol-free production process, in
which the starting point for expression could be simply set by the
initial amount of thiamin in the medium.

An important issue about the study by Stadlmayr et al. is the
copy number of the strains bearing the different promoter con-
structs. Multiple copies of a weak promoter can lead to the same
expression as a single copy of a strong promoter [47], so this effect
can strongly bias the results.

Stadlmayr ef al. determined the copy numbers for four promo-
ters by checking multiple transformants made with the same
promoter construct. This revealed that 52% of the clones were
single copy strains, 19% contained two copies, 13% three copies
and the rest more than three copies. These results indicate a
relative broad diversity. However as each promoter was tested
with three different reporters and ten clones per reporter were
tested, possible copy number effects might be compensated by the
multiple analyses.

Indeed, the results of the three different reporter proteins were
in general in accordance to each other, but in one case there was a
drastic difference. Ppgro showed with EGFP a 10- to 17-fold higher
fluorescence than Pgap. Also the transcript levels were drastically
increased, as shown by RT-qPCR measurements. This high expres-
sion was however not reproducible with the two other reporter
enzymes HSA and lacZ with reporter activities of about only 10% of
Pgap. The authors did not find an explanation, but this example
shows that the combination of promoter and protein of interest
can have a strong influence on the expression levels. This observa-
tion is further underlined by a comparison of previous studies on
Ppcki [92] and Prgry [99] to the work by Stadlmayr et al. [93]. As
mentioned above, Ppgx; was initially only assessed semiquantita-
tively and in approximate comparison to P4ox; [92]. The thorough
study by Stadlmayr et al. showed however clearly that Ppgk;
reaches only about 10% of Pgp driven expression. [93]. Similarly,
Prer; driven expression was at first found to match or even twofold
exceed Pg4p driven expression [99]. In the work by Stadlmayr et al.,
Prgr; driven expression never outperformed Pg,sp and showed
rather similar or lower expression levels [99].

Important transcriptional regulatory circuits
Introduction
Beside these sequence-based studies, there is a growing interest for
regulatory networks and the TFs involved in the process of gene
expression and protein folding. For example TFs involved in such
diverse cellular processes as protein secretion (Hac1p), iron uptake
(Feplp), oxidative stress response (Yaplp) and biotin auxotrophy
(Rop1p) have been studied in addition to the already discussed TF
Mxrlp (Fig. 3 for an overview). The knowledge about the regula-
tory mechanisms enables TF-based engineering approaches and
the design of new (synthetic) regulatory circuits to improve het-
erologous protein production processes.
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FIGURE 3

Transcription factors and regulatory circuits involved in various cellular processes relevant for heterologous protein production in P. pastoris. The regulation of the
AOX1 promoter by the trans-acting factors Mxr1p, Prm1p, Ztalp, Hxt1p and a 14-3-3 protein are shown. The oxidative stress response by Yap1p involved in ROS
detoxification and methanol metabolism is depicted. Also regulation of the UPR by Hac1p (by splicing), regulation of the high-affinity iron uptake machinery by
Fep1p and the role of Rop1p in biotin metabolism are shown. Positive regulatory effects are shown by a plus in a circle over the respective arrow. Negative
regulatory effects are indicated by a minus in a circle and a truncated arrow. The schematic of the high-affinity iron uptake system is derived from Van Ho et al.
[141], the schematic of the Rop1p regulated biochemical reactions are based on Kumar and Rangarajan [166] and the Hac1p regulation is based on Guerfal et al.

[125] and Ma and Hendershot [132].

Regulation of the unfolded protein response by Haclp

One of the main advantages of P. pastoris is that high titers of
relatively pure secreted heterologous protein can be obtained on
lab as well as on a large scale [113].

Gaining understanding of the secretory pathway is crucial for
the identification of bottlenecks and improving the secretion of
heterologous proteins further [114], for example, to obtain similar
high yields as with filamentous fungi. Shortly summarized, secre-
tory proteins need a signal sequence to enter the secretory path-
way and are translated at the rough endoplasmic reticulum. Then
they are transported from the ER lumen via the Golgi apparatus
and secretory granules which fuse eventually with the plasma
membrane [115]. The first step of translation at the rER, folding
inside the ER and the introduction of posttranslational modifica-
tions are crucial steps in the standard secretory pathway. Unfolded
or misfolded proteins in the ER cause cellular stress and activate
the UPR pathway. The UPR upregulates chaperones to counteract
the folding problems, but can also stimulate endoplasmic-reticu-
lum-associated protein degradation (ERAD) or lead to pro-
grammed cell death (apoptosis) [116,117]. The overexpression
of heterologous proteins is prone to activate the UPR, as the
cellular machinery is not necessarily prepared to deal with the

processing and folding of large amounts of foreign proteins [73].
Therefore the UPR is an important factor to tweak protein secre-
tion and has been studied extensively in P. pastoris. Initially the
effect of the copy number, promoter and carbon source on the UPR
were tested [74]. Furthermore the transcriptional regulation of
genes targeted by the UPR was tested by TRAC (transcript analysis
with aid of affinity capture) [118], a magnetic bead-based sandwich
hybridization system [119] and microarrays [120]. The UPR was
also found to participate in providing osmotolerance [121,122], to
depend on the stability of the secreted protein [123] and to affect
the cellular redox state [124].

However, the exact transcriptional regulation of the UPR in P.
pastoris and the factors involved has only recently been character-
ized [125,126]. The general model of the transcriptional regulation
of the UPR in yeast was at first elucidated in S. cerevisiae and found
to be mediated by the TF Haclp. Haclp activates genes of the UPR
and wunderlies a distinctive post-transcriptional regulation
mechanism [127]. The HAC1 mRNA contains an intron that blocks
translation and needs to be spliced to permit translation of the
functional protein [128]. Splicing of the HACI mRNA is not
accomplished conventionally by the spliceosome, but is linked
by a unique mechanism to folding stress in the ER [129]. Namely
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Irelp, an ER resident transmembrane kinase/endoribonuclease,
Kar2p (also named Bip), an ER-chaperon, and Rlglp, a tRNA ligase,
participate in HAC1 mRNA splicing. Kar2p is involved in the
regulation of Irelp by binding to it under nonstress conditions
[130,131]. If un- or misfolded proteins accumulate in the ER, they
are bound by Kar2p, which assists proper folding. Thereby Kar2p
releases Irelp, which forms oligomers and is thereby autopho-
sphorylated. Phosphorylated Irelp activates its endoribonuclease
activity and cleaves the intron from the HAC1 mRNA. The mRNA
is then religated by RIg1lp and functional Haclp can be translated,
migrate to the nucleus and bind to UPR responsive elements
(UPRE) in the promoters of UPR target genes (Fig. 3 for a schematic
representation) [117,132]. Notably the HACI mRNA must also be
transported from the nucleus to the Irelp oligomers at the ER, to
permit splicing [133].

The P. pastoris HAC1 homolog was characterized recently and
also found to contain the conserved intron known from §. cerevi-
siae and other fungi [125,126]. Interestingly, the significance of
the splicing mechanism was somewhat inconsistent between two
research groups. Guerfal et al. identified potential splice sites by
sequence similarities with S. cerevisiae [125]. However, under var-
ious tested growth conditions no unspliced HACI mRNA was
detected, indicating a constitutive splicing of the HACI mRNA
in P. pastoris. The HACI mRNA level increased strongly under
conditions of folding stress, which would hint rather a transcrip-
tional regulation mechanism of HACI in P. pastoris [125]. By
contrast, Whyteside et al. clearly detected the unspliced HACI
mRNA under unstressed conditions [126]. Under conditions of
folding stress, the spliced form showed up, but the unspliced form
was still detectable. Notably, both groups used the same P. pastoris
same strain (GS115) and also the same agent in the same con-
centration to cause the folding stress, namely 5 mwm dithiothreitol
(DTT). Therefore the differences could possibly arise from different
cultivation conditions and would have to be further tested to
clarify the splicing of HACI mRNA in P. pastoris.

Guerfal et al. tested furthermore the effect of HACI co-expres-
sion on heterologous protein production [125]. There have been
earlier attempts to co-express HAC1 and the homolog of S. cere-
visiae (SCHAC1) in P. pastoris [118,119,134]. Constitutive expres-
sion of PpHAC1 showed little to no effect compared to the not co-
expressing strain [125], while inducible co-expression using Paox1
resulted in an up to twofold increased expression of surface dis-
played proteins, but in one case also, but in one case also a
complete loss of the initial expression. Also the amount of cor-
rectly processed and folded membrane protein was increased.

In conclusion, characterization of PpHAC1 has shed light on the
UPR in P. pastoris and engineering of the UPR by HAC1 co-expres-
sion has led to increased yields and improved quality of hetero-
logous proteins. Still, the exact circumstances of the HAC1 mRNA
splicing reaction in P. pastoris remain to be clarified. Also a general
model for predicting the effect of PpHAC1 overexpression on the
secretion efficiency of a certain heterologous protein would be
favorable.

Regulation of iron uptake by Feplp

Iron is a crucial cofactor of many proteins, as part of prosthetic
groups like heme, iron-sulfur clusters or in nonheme iron pro-
teins. Many biotechnologically relevant enzymes like peroxidases

and monooxygenases contain heme and the optimization of heme
biosynthesis or addition of heme to the cultivations could sig-
nificantly increase the yields of active enzyme [135,136]. Therefore
the understanding of heme synthesis and iron uptake can be an
important field for improvements in the production of heme or
nonheme iron containing proteins and influence the general
energy metabolism and productivity of the host. High-affinity
iron uptake in P. pastoris has been found to involve similar
machinery as in S. cerevisiae [137-139]. There are two main factors
involved, the plasma membrane multicopper oxidase Fet3p and
the iron permease Ftrlp [140,141]. Fet3p and Ftrlp interact and
from a complex, in which Fet3p oxidizes Fe?* to Fe**, which can
subsequently enter the cell via Ftrlp (Fig. 3 for a schematic over-
view). Depending on the availability of iron, the amounts of
proteins involved in iron uptake and iron-dependent enzymes
have to be controlled. In S. cerevisiae under iron scarcity, the
high-affinity iron uptake machinery is upregulated [142-144],
whereas at the same time entire pathways involving iron-depen-
dent enzymes are repressed [145]. This regulation is exerted mainly
on the transcriptional level, although also posttranscriptional
mechanisms have been described [146,147].

In P. pastoris, Fet3p and Ftrlp mRNA levels increase under iron
scarcity indicating a transcriptional regulation [138,139]. Miele
etal. identified a TF, named Fep1 (Fe protein 1) that acts under iron
abundance as a repressor of genes involved in high-affinity iron
uptake [148]. The promoter sequence of Fet3p was analyzed for
consensus sequences for GATA-type TFs, as these TFs are fre-
quently involved in iron-dependent transcriptional regulation
in other fungi [149-151]. Indeed, a putative GATA sequence ele-
ment was found and mutated to test its regulatory role [148]. This
Prers mutant affected the iron-dependent expression of a lacZ
reporter gene. In detail, the wild type strain showed an increase
of lacZ activity levels under iron scarcity, whereas the Prrs mutant
showed independently of the iron availability the same low lacZ
activity. This supported the involvement of a GATA type TF in iron
regulation in P. pastoris. On the basis of conserved regions of iron-
responsive GATA factors from other fungi, degenerate primers
were designed and a part of the putative FEP1 gene PCR amplified.
A sequence comparison showed that Feplp contains conserved Zn
finger DNA-binding domains and a conserved motif of four
cysteines that is typical of iron-responsive GATA TFs. A strain
disrupted in fepl showed a constitutive expression of genes
involved in high-affinity iron uptake independent of the iron
concentrations in the medium. The wild type strain showed
however strongly reduced expression levels of these genes under
iron abundance. This indicates a repressing role of Fep1lp, which is
in accordance with the repressing function of Feplp homologs
from other fungi [149-151]. The authors showed furthermore that
the DNA binding of Fep1p is dependent on the iron concentration
[148]. In EMSA experiments, recombinantly produced Feplp
bound only in the presence of iron to the GATA sequence motif
from the FET3 promoter. This further supports a model in which
Feplp represses genes for high iron affinity iron uptake under
conditions of iron abundance.

Interestingly, despite the conserved machinery for high-affi-
nity iron uptake between P. pastoris and S. cerevisiae, the tran-
scriptional regulation mechanisms are different between these
two organisms. In P. pastoris the genes are repressed by Feplp
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under conditions of iron abundance, whereas the same genes are
activated in S. cerevisiae under iron starvation. P. pastoris is a
respiratory yeast, whereas S. cerevisiae is a fermentative yeast,
therefore the different response to iron could be a consequence
of the different metabolic setups. This consideration is supported
by the fact that also the respiratory yeast S. pombe, which is
evolutionary only distantly related to P. pastoris, exhibits repres-
sion of high-affinity iron uptake genes in a similar Fep1p depen-
dent fashion [148].

Oxidative stress response by Yap1p

Oxidative stress caused by reactive oxygen species (ROS) is a major
factor of cellular stress and damages all cellular components such
as proteins, nucleic acids and lipids [152-154]. ROS are caused by
the high reactivity of oxygen and the nonspecific electron transfer
by redox enzymes to unintended substrates. Consequently respira-
tory metabolism and the mitochondrial electron transport chain
are especially notable sources of ROS in eukaryotes [155]. ROS is a
general term not only referring to molecules such as H,O, but also
free radicals like the superoxide radical (O2°") or the hydroxyl
radical (OH®) [156].

Cells contain a broad scope of defense mechanisms to counter-
act oxidative stress and ROS formation. This includes on the one
hand antioxidants such as r-ascorbic acid (vitamin C), a-toco-
pherol (vitamin E), thioredoxin and glutathione (GSH). On the
other hand this also includes enzymes like superoxide dismutase,
catalase, peroxiredoxins and glutathione peroxidase protect cells
against ROS [154].

Oxidative stress is also a relevant issue for recombinant protein
production, as it decreases cell viability and triggers apoptosis [73].
Furthermore, ROS is involved in the UPR [124,157] and could
therefore play a crucial role for stress associated with the indust-
rially important protein secretion processes. ROS production is
also an inevitable part of the methanol metabolism in methylo-
trophic yeasts, as the oxidation of methanol to formaldehyde by
alcohol oxidase creates H,O, as a side product (Fig. 3) [15]. There-
fore the ROS detoxification plays a crucial role in the growth of
methylotrophic yeasts and is tightly regulated.

In P. pastoris, the glutathione redox system was studied and
found to be a crucial factor to permit growth on methanol
[158,159]. Glutathione (y-L-glutamyl-L-cysteinylglycine) is a non-
ribosomal peptide and protects via its low redox potential against
ROS [160]. In the process the reduced form of glutathione (GSH) is
oxidized and forms a self-dimer via a disulfide bond between thiol
groups of cysteine residues (GSSG). In P. pastoris oxidized glu-
tathione is regenerated by reduction by a NADPH dependent
glutathione reductase encoded by GLR1 [158]. Other crucial genes
involved in the glutathione redox system include glutathione
peroxidase (GPX1), peroxiredoxin (PMP20), that act as peroxiso-
mal glutathione peroxidase, and the enzyme catalyzing the rate-
limiting step of glutathione synthesis (GSH1.) Yano et al. showed
that the glutathione redox system in P. pastoris is transcriptionally
regulated by the TF Yap1p, which acts at the same time as a sensor
for oxidative stress via the oxidation of conserved cysteine residues
[158,159]. The S. cerevisiae Yap1lp homolog has already been well
characterized and shown to upregulate various genes involved in
ROS defense [161,162]. ScYaplp contains a nuclear localization
sequence, but is under normal growth conditions constantly

exported to the cytoplasm by a nuclear exportin. Under conditions
of oxidative stress cysteine residues of ScYaplp are oxidized and
form a disulfide bond. This causes a conformational change and
ScYaplp is no longer recognized by the export machinery [163]. P.
pastoris Yaplp was found to play a similar role in the oxidative
stress response during the methanol metabolism. A yap1 deletion
strain did not show any phenotypical changes when cultivated
under standard conditions on glucose, but growth on methanol
caused a prolonged lag phase similar to a gpx1 deletion strain [158].
The yap1 deletion strain was also very susceptible to various ROS
generating agents when grown on glucose [159]. Furthermore,
PpYaplp showed a similar localization pattern as ScYaplp and
localized to the nucleus under growth on methanol [158] and
conditions of oxidative stress [159]. Consistently, the transcrip-
tion of genes involved in the glutathione redox system, most
notably GPX1, were upregulated under growth on methanol in
the wild type strain, but not in the yapl deletion strain [158].
Similar to ScYaplp, PpYaplp is sensing oxidative stress via the
oxidation state of conserved cysteine residues, which was tested by
mutating the respective amino acid positions [159].

In contrast to these similarities to ScYaplp, PpYap1lp was shown
to play a special role in the methanol metabolism, namely the
detoxification of formaldehyde by the Yap1p regulated GSH redox
system [158]. GSH detoxifies formaldehyde by the spontaneous
reaction to S-hydroxymethylglutathione [15]. Consistently, it was
shown that cellular GSH pools increased in cells grown on metha-
nol and also regeneration of GSSG to GSH was crucial. Namely,
deletion of GLR1, responsible for GSH regeneration, led to hyper-
sensitivity to methanol but also formaldehyde underlining the
importance of the GSH redox system for formaldehyde detoxifica-
tion. So besides the PpYaplp activation via the oxidation of
conserved cysteine residues mentioned above [159], an activation
by formaldehyde or GSH depletion was also suggested [158]. In
conclusion this work showed the crucial role of PpYaplp for the
MUT pathway and revealed a new role of Yaplp, as Yap1lp homo-
logs in other yeasts regulate only a stress response, whereas it is in
P. pastoris crucial to sustain the metabolism of the carbon source
methanol. Furthermore, overexpression or engineering of Yaplp
might be a promising target to counteract oxidative stress arising
from heterologous protein production.

Involvement of Rop1p in biotin metabolism

Biotin (vitamin H) is required by many carboxylases as an essential
prosthetic group, but not all organisms are capable of a de novo
biotin synthesis [164]. Notably, P. pastoris and also certain labora-
tory strains of S. cerevisiae are among the biotin auxotroph organ-
isms [165]. Gasser et al. have engineered a biotin-prototrophic P.
pastoris strain by reconstituting the biotin biosynthesis pathway by
the expression of the respective genes from S§. cerevisiae [165].
Kumar and Rangarajan have recently characterized a TF involved
in the regulation of biotin metabolism related genes [166]. Initially
they searched for proteins similar to Mxr1p, a key TF of MUT genes
(see section about Psox; frams-acting factors), and identified a
protein, later termed Rop, that shared 58% identity to the zinc
finger domain of Mxr1p (in this review Rop is referred to as Rop1 to
meet standard yeast naming conventions and to avoid confusion
when referring to the protein). ROP1 mRNA was only detectable
under growth on methanol, but not on glucose, glycerol or oleic
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acid suggesting a possible involvement in the regulation of MUT
genes. However, this role could not be experimentally verified, as
the deletion of ROPI neither affected the levels of the mRNAs of
MUT genes nor the growth rate compared to the wild type on
methanol. The authors compared the transcriptomes of the rop1
deletion strain with the wild type by microarray and noticed an
upregulation of genes involved in the biotin metabolism (e.g.
biotin synthase, a biotin transporter and a biotin-apoprotein
ligase) in the ropl deletion strain. This hinted a repression of
biotin metabolism genes by Rop1p. Additionally, the rop1 deletion
strain was in contrast to the wild type able to grow on biotin
deficient medium. The authors tried then to further elucidate the
regulatory function of Roplp and to find a biochemical explana-
tion how the rop1 deletion strain could grow under biotin deficient
conditions [166]. This requires understanding of the role of biotin
in the cellular metabolism (Fig. 3). One of the major biotin
dependent enzymes is pyruvate carboxylase (PC), which converts
pyruvate, the final product of glycolysis, to oxalaecetate (OAA), a
key intermediate of the tricarboxylic acid cycle (TCA). PC has been
studied in P. pastoris by the identification of the gene and sup-
pressor mutants [167], furthermore PC has also been shown to be
involved in the assembly of Aox oligomers [168,169]. A PC defi-
cient strain, caused by the lack of biotin or mutagenesis of PC,
cannot replenish the OAA pool which stalls the TCA. However, the
PC deficiency can be rescued by the addition of aspartate, which
can be converted to OAA by transamination [170,171]. In case of P.
pastoris, addition of aspartate to biotin deficient medium did
restore the growth of the wild type strain, suggesting that the
biotin dependent growth defect is caused by a lack of PC-depen-
dent OAA synthesis [166]. The growth of the rop1 deletion strain
under biotin deficient conditions is therefore most probably per-
mitted by a PC-independent pathway of OAA synthesis (PC
bypass). These bypass reactions include ICL and malate synthase
(MS) from the glyoxylate cycle and also phosphoenolpyruvate
carboxykinase (PEPCK) [170,171]. In P. pastoris ICL and MS were
expressed in the wild type and the ropl deletion strain grown
under biotin deficient conditions. PEPCK was however only
expressed in the ropl deletion strain and repressed in the wild
type under biotin deficient conditions [166]. Roplp is therefore
involved in the repression of PEPCK under biotin- (and PC-)
deficient growth conditions, therefore the name ‘repressor of
PEPCK’ (ROP) was also chosen.

The authors also argued about putative binding sequences of
Roplp based on homologies of the zinc finger DNA-binding
domain to Mxrlp. Furthermore, the transcriptional regulation
exerted by Roplp was additionally tested by comparing the rop1
deletion strain and the wild type in a microarray experiment under
biotin deficient conditions. The expression of several genes was
clearly affected, but their exact physiological roles remain to be
elucidated. It is also notable that the authors argue about the exact
function of PEPCK sustaining growth on biotin deficient medium.
PEPCK usually catalyzes the conversion of OAA to phosphoenol-
pyruvate (PEP), which is the first reaction of gluconeogenesis.
However, the reaction can take place in the reverse direction
and lead thereby to OAA and act as a PC bypass [170,171]. Yet,
the glyoxylate cylcle genes ICL and MS can also provide OAA in P.
pastoris. Therefore PEPCK could also be growth limiting because of
lack of PEP formation for gluconeogenesis and not because of

bypassing the biotin dependent PC reaction [166]. However, clar-
ifying the exact role of PEPCK and thereby ROPI under biotin
starvation will require further studies. Still, Kumar et al. found the
first indication that a TF is involved in repression of PEPCK under
biotin-deficiency and although not being the main focus of the
study, they showed that a ropl deletion can grow under biotin
deficient conditions. However, they did not compare the growth
rate of the rop1 deletion strain under biotin deficient conditions
with the growth rate of the wild type on biotin. Therefore the
biotechnological potential of using a rop1 deletion strain for biotin
free production processes remains unclear so far.

Conclusions

Recent research on promoters and the first partial knowledge
about some transcriptional regulatory circuits in P. pastoris has
shed light on the underling molecular mechanisms and on how to
improve heterologous protein production. The regulation of
Paoxi1, the most commonly used promoter in P. pastoris, was
studied in respect to cis-acting sequence elements and also
trans-acting factors. Although its exact regulation is still unknown,
at least various independent sequence-based approaches have
identified putative regulatory sequences and TFBS. In part, the
predicted putative TFBS were verified by the characterization of
trans-acting factors and their recognition sites. Namely, two acti-
vators Mxrlp and Prm1p were identified. Mxrlp has been well
characterized and shown to regulate MUT and peroxisome biogen-
esis genes. Furthermore the DNA-binding sites of Mxr1p have been
identified and also a 14-3-3 protein interacting with Mxrlp has
been described and shown to repress Mxrlp activity especially
when grown on ethanol. However these findings indicate that
there exist also additional, so far uncharacterized regulators of
Mxr1p, that act in addition to the 14-3-3 protein on other carbon
sources. Also other aspects of P4ox; regulation are only partially
understood. Namely the regulatory mechanism of Prm1p or the
exact regulatory functions of hexose transporters and Ztalp
remain to be elucidated. This indicates a highly complex regula-
tion pattern of P4ox; and other MUT genes, that involves multiple
activating and repressing factors. Still, especially the sequence-
based approaches have helped to further improve the already
exceptionally strong AOX1 promoter and also variants with
altered regulatory profiles for applications in heterologous protein
production were identified.

Beside this progress in understanding and improving Psoxi,
alternative promoters with different modes of regulation have
also been identified. P4ox; is providing extremely strong, control-
lable expression, but requires methanol, which is toxic and flam-
mable, for induction. As an alternative to derepressed Piox;
variants which do not rely on methanol anymore and can be
simply regulated by changed carbon source feeding, especially
strong and inducible promoters like Pprgoge Or Pryry; could also
become significant alternatives to P,ox;, as they are regulated by
the phosphate and thiamin concentration, respectively.

Furthermore, this review also covered TFs and their regulatory
modes on diverse cellular functions such as UPR (Haclp), iron
uptake (Feplp), oxidative stress response (Yaplp) and biotin aux-
otrophy (Roplp). Overexpression of HACI led in some cases to
increased levels of secreted proteins and also elevated levels of
correctly folded processed proteins. Yet, this effect was protein
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dependent and also the regulation of HAC1, namely the signifi-
cance of the splicing reaction, in P. pastoris remains to be clarified.
Also, the regulatory circuits of Feplp, Yaplp and Roplp bear the
potential to engineer the expression system P. pastoris, but have
not been practically tested to improve bioprocesses so far. Namely,
engineering of Feplp mediated iron uptake could help to tweak
the production of iron containing proteins. The regulatory role of
Rop1lp has hinted a bypass of biotin auxotrophy, which could help
to design biotin independent P. pastoris strains. Oxidative stress is a
known problem associated with heterologous protein production
and arises especially from growth on methanol. Therefore improv-
ing the oxidative stress response by Yap1p could be an approach to
design more robust production strains.

Although P. pastoris has only been used since approximately two
decades by a broad public, significant progress has been made on
characterizing key transcriptional circuits. The majority of mole-
cular mechanisms investigated up to now, are still far from being
completely understood. New technologies in nucleic acid sequen-
cing, bioinformatics and high throughput analysis will hopefully
provide a profound basis and stimulate further research on tran-
scriptional regulation in P. pastoris.

Note added in proof

Just after this review was written, two research articles describing

additional trans-acting factors involved in P. pastoris Psox; regula-

tion have been published:

® Polupanov et al. investigated the role of a glucose sensor
(termed GSS1) in autophagic degradation of peroxisomes and
catabolite repression (Polupanov AS, Nazarko VY, Sibirny AA.
Gssl protein of the methylotrophic yeast Pichia pastoris is
involved in glucose sensing, pexophagy and catabolite repres-
sion. Int. J. Biochem. Cell Biol. 2012;44:1906-18). A strain with a
deleted gss1 gene exhibited Aox activity on glucose containing
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Chapter 2.3 - Natural promoters and synthetic promoter
engineering strategies in Pichia pastoris
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Summary/Abstract

The availability of exceptionally strong and tightly regulated promoters is a key feature of Pichia
pastoris, a widely applied yeast expression system for heterologous protein production. Most
commonly, the methanol inducible promoter of the alcohol oxidase 1 gene (Paox:) and the constitutive
promoter of the glyceraldehyde 3 phosphate dehydrogenase gene (Pgap) have been used. Recently
also promising novel constitutive (Pgcwis) and regulated (Pgry1) promoters have been reported.

As natural promoters showed so far limited tuneability of expression levels and regulatory profiles as
well as unknown regulatory effects, various promoter engineering efforts have been undertaken for P.
pastoris. Paox1, Poas2, Peap and Pgewis have been engineered by systematic deletion studies or random
mutagenesis of upstream regulatory sequences. New engineering strategies have focused on Ppox:
core promoter and 5> UTR (untranslated region) modifications by random or semi-rational
approaches. These promoter engineering efforts in P. pastoris have resulted in improved, sequence
diversified synthetic promoter variants allowing coordinated fine-tuning of gene expression.
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Background/Introduction

Transcription is an important step in gene expression and various natural and synthetic promoters are
commonly used tools to regulate heterologous protein production [1]. A key feature of methylotrophic
yeasts such as Pichia pastoris, Candida boidinii, Hansenula polymorpha (Ogataea angusta, Pichia
angusta) and Pichia methanolica are the strong and tightly regulated promoters of genes involved in
the metabolism of methanol [2—4]. These yeasts in combination with their respective methanol
inducible promoters have been widely applied on an industrial scale to produce a large number of
heterologous proteins ranging from biocatalysts to biopharmaceuticals [2, 5-7].

Typical methanol regulated promoters are tightly repressed on glucose and strongly induced on
methanol, which allows the design of biphasic production processes. Due to its exceptional strength
and tight regulation, most commonly the promoter of the alcohol oxidase gene (abbreviated Paox,
Pwmox, Paop, Pwop depending on the host organism) is used to drive the expression of the gene of
interest (GOI) [3]. In the first phase, cells are grown on glucose to high cell density. During this phase
Parox expression is repressed, thereby ruling out a negative effect of the heterologous GOI on cell
growth. At high cell density, cells are induced with methanol, starting gene expression. If required,
also a transition phase is applied to adapt the metabolism to the new carbon source methanol. While
this system allows even the expression of toxic proteins, the induction with hazardous and flammable
methanol may pose a problem, especially in larger scale industrial processes. In addition, the
extremely strong expression of heterologous proteins by P. pastoris Paox: (approximately 1000 fold
induction [8]) may overburden the cellular machinery [9]. If transcription is not the limiting step,
strong overexpression may lead to folding problems and degradation. Also post translational
modifications or trafficking (e.g. secretion) may become the limiting factor [10-12]. Therefore
tunable promoter systems, offering a range of expression levels and regulatory profiles are desirable.

Similar problems of tuneability and lacking control have been noticed in other expression hosts and in
recent years there has been a growing interest in engineering natural promoters or using synthetic
promoters to counteract these issues [1, 13]. Synthetic promoters have been designed for prokaryotic
organisms, lower eukaryotes as yeast and also higher eukaryotes [1, 14-17] and helped alongside
other synthetic biology approaches to improve metabolic engineering and heterologous protein
production [5, 18]. Concerning yeasts, most promoter engineering work has been performed in
Saccharomyces cerevisiae [1], also a commonly used model system for studying fundamental
principles of transcriptional regulation [19]. These approaches resulted in new parts for synthetic
biology and metabolic engineering and the generation of improved production strains [15, 16, 20, 21].
Synthetic hybrid promoters have also been used in the nonconventional yeast Yarrowia lipolytica to
counteract the lack of natural strong and easily controllable promoters [17, 22] and various promoter
engineering strategies have been applied to improve and diversify promoter properties in P. pastoris
[9, 23-28].

The regulation of natural promoters and transcription factors (e.g. Mxr1, Hacl, Fepl, Yapl, Ropl) in
P. pastoris has recently been comprehensively reviewed [29]. Here we focus on the application of
different groups of natural promoters and engineering approaches to create synthetic promoters with
tailor-made properties in P. pastoris.
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Natural promoters

Methanol inducible Paox1

Most commonly the methanol inducible promoter of the alcohol oxidase 1 gene (Paoxs) [8, 30] or the
constitutive promoter of the glyceraldehyde 3 phosphate dehydrogenase gene (Pgap) [31] have been
used to drive heterologous protein expression in P. pastoris [29]. P. pastoris harbors two AOX genes
coding for highly similar alcohol oxidases catalyzing the oxidation of methanol to formaldehyde by
molecular oxygen and producing H,0, as a byproduct [32, 33]. However, Paox; iS much stronger than
Prox2 and almost solely used to drive heterologous gene expression reaching titers up to 22 g/l
intracellular [34] and 15 g/l secreted [35] heterologous protein. Upon methanol induction, the natural
Aox proteins may reach up to 30 % of soluble cytoplasmic protein [2]. As Aox has relatively high Km
values for methanol and oxygen (i.e. a low affinity for its substrates), it has been suggested that the
natural high expression is compensating for the low catalytic efficiency [36]. Paox: has been studied
in terms of cis-acting regulatory sequences and trans-acting transcription factors (recently reviewed in
[29]). The most relevant and well-studied regulator is the methanol master regulator Mxrl (methanol
expression regulator 1) [37—40], which itself is regulated by a 14-3-3 protein [41]. Recently, Paox:
driven expression has also been studied in detail in bioreactor cultivation processes [42] and
additional details on molecular factors involved in Paox; regulation have been reported [40, 43, 44].
Namely, the zinc finger transcription factor Ropl (repressor of phosphoenolpyruvate carboxykinase,
PEPCK), previously reported to repress PEPCK under certain growth conditions [45], was reported to
repress P. pastoris Paox: on full media containing methanol, but not on minimal media containing
methanol. Additionally, a glucose sensor (GSS1) was shown to be involved in regulation of Paox:
catabolite repression [43] and mechanistic differences thereof between P. pastoris and other yeasts
were suggested [44]. These findings do not appear directly applicable to improve Paox: driven
expression, but they demonstrate the intricate regulation of this promoter involving multiple,
interwoven factors.

Alternative promoters

Besides Paox1, also other methanol inducible promoters have been characterized in P. pastoris: The
promoter of the dihydroxyacetone synthase 2 gene (Ppasz) Was reported to reach higher expression
levels than Paox: [8, 29, 30] while Ppexg [46, 47] and Paox2 [33] are much weaker promoters (Table 1).
However, methanol inducible expression in P. pastoris has been almost exclusively achieved using
Paox1; even Ppas, has seldom been used to drive heterologous proteins expression.

Although methanol induction Paox; based processes are widely applied, the use of methanol, a toxic
and flammable compound, is for industrial scale bioreactor cultivations a considerable concern due to
safety issues. There have been several alternatives tested and previously reviewed [29], summarized
in Table 1, including constitutive promoters (e.9. Poap [31], Prer1 [48, 49], Ppeki [49, 50], P [49])
and other means of regulation (e.g. methylamine induction of Pgp; [51], phosphate regulated
Prhoso/Pnsp [52], thiamine regulated Pryiir [49, 53]. Also the heterologous CUP1 promoter from S.
cerevisiae (Ps.cup1) has been demonstrated to be copper inducible in P. pastoris [54]. In S. cerevisiae
a second copper regulated promoter (CTR3) has been reported, that is however not induced but
repressed by the presence of copper. This promoter has proven to be a valuable part for metabolic
engineering in S. cerevisiae [55], but has yet not been applied in P. pastoris.
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Constitutive promoters

The most common alternative to Paox: is the constitutive GAP promoter [29], which in some cases
under optimal growth conditions reached comparable titers to Paox1 [31, 56]. Pcap has been widely
applied and delivered reliable results for the expression of many heterologous genes [56]. Pgap Shows
some degree of regulation [29], namely lower expression levels on methanol and glycerol compared
to the optimal substrate glucose [31], effects of the oxygen supply [57] and an upregualtion after
glucose depletion [58].

Recently, Pscwis has emerged as novel constitutive promoter showing similar strength as Pgap [59].
The GCW14 gene was identified in P. pastoris RNA-Seq (RNA sequencing) studies [60] as the
highest expressed gene on glycerol showing also very high expression levels on methanol [59].
GCWZ14 is coding for a putative glycosyl phosphatidyl inositol (GPI)-anchored protein. Using secreted
eGFP (enhanced green fluorescent protein) as reporter, the expression levels of Pgcwis €xceeded Pgap
and Prerp but were slightly lower than Paox: under the respective optimal growth conditions
(comparing transformants containing a single copy of the expression vector). While for most recent
promoter studies in P. pastoris intracellular expression of GFP (or variants thereof) has been used to
assess expression levels (e.g. [23, 24, 49]), the comparisons of Pgcwis Were performed using GFP
fused to a signal sequence and measuring fluorescence levels in the supernatant. As GFP is naturally
not a secreted but a cytosolic protein in Aequorea victoria, secretion may be inefficient and
transcription not the limiting factor. Thereby the secreted levels in the supernatant may only reflect a
part of the total accumulated levels. A recent study showed that there is indeed a saturation effect of
eGFP secretion in P. pastoris [61]. By comparing different copy numbers of eGFP, Liu et al. showed
that a plateau effect occurs at four to five copies of Paox; driven secretory eGFP expression in P.
pastoris [61]. As Liang et al. were comparing single copy transformants of promoters with similar
strength [59], secretion should not have been a limiting factor. In a follow-up publication, regulatory
elements of Pgcwis Were identified and it was also used to drive the expression of secreted Candida
antarctica lipase B (CalB), however not compared to other promoters [28]. Furthermore, Pgcwia
transcript levels were evaluated by relative RT-gPCR (reverse transcription quantitative real-time
PCR) on different carbon sources (glucose, glycerol and methanol). The transcript levels of the GAP
gene were used as a reference for normalization. The reference gene should show consistent transcript
levels under all conditions tested to allow reliable normalization [62]. P. pastoris GAP transcript
levels were shown to vary depending on the carbon source (reaching a maximum on glucose,
approximately two thirds on glycerol and one third on methanol) [29, 31]. As Pgcwis driven transcript
levels, relative to GAP, remained largely unchanged on the different carbon sources tested, this would
imply that Pgcwis is also not entirely constitutive, but affected by the carbon source present.

Novel regulated promoters

Process design using constitutive promoters such as Pgap Or Pgcwisa i simpler than biphasic (cell
growth and induction) Paox; based protocols and space-time yields are often higher. However,
expression using constitutive promoters is not feasible with every GOI. Toxic or difficult to fold
proteins may hamper cell growth upon constitutive expression resulting in lower yields than regulated
expression. Therefore a regulated system allowing methanol free expression by P. pastoris is
desirable. Methanol free alternatively regulated promoters have been reported [29], but are limited as
they require starvation for phosphate (Ppnose/Pnse [52]) or thiamin (Pryigq [49]) as inducing stimulus.
Prp1 [51] can be activated with the alternative inducer methylamine, which is however similarly to
methanol toxic and flammable, making it not an actual alternative for safer process design.
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Recently, promising new glucose-limited promoters have been reported that allow simple and safe
induction relying on cell growth on glycerol followed by glucose addition as inducer. Prielhofer et al.
used a transcriptomics approach to identify genes repressed on glycerol and upregulated upon glucose
addition [63]. Six promoters were selected based on this regulatory profile and compared to Pgap
using intracellular expressed eGFP as reporter protein. The promoters reached between 20 and 150%
of Pgap. The two strongest promoters (Pg; and Pgg) were subsequently also tested with secretory
expression of human serum albumin (HSA) reaching about 230% (Pg;) and 39% (Pge) of the Pgap
control. Pg; and Pgg vary in the optimal glucose concentrations needed for induction. Pg; shows
highest expression with less than 0.05 g/l glucose, whereas Pgs shows high expression up to 4 g/l. The
gene being transcribed by Pg; was shown to be a high affinity glucose transporter (by deletion
studies) and expression to be affected by the specific growth rate. The authors suggest the gene name
GTH1 (glucose transporter with high affinity) for the respective P. pastoris gene. Therefore Pgr1/Pe1
appears to be a valuable new natural promoter allowing tightly regulated methanol free expression.

Furthermore, novel repressible promoters have been identified, allowing tight downregulation of
expression by addition of a repressor [53]. Delic et al. selected five putative repressible promoters
(Pser1, Pmets, Pthri, Prist and Pryi1) based on a literature search and microarray data. Three of these
promoters (Pyers, Prhizr and Pryri) Showed tight repression upon addition of the respective compound
triggering repression and varying expression levels compared to Pgap (Table 1). The authors suggest
the use of these promoters to achieve coordinated downregulation of essential genes, that cannot be
deleted [53].

An interesting, yet unsuccessful approach to drive regulated GOI expression in P. pastoris has been
recently tested by Hobl et al. [64]. The authors tried to use the prokaryotic T7 RNA polymerase (T7
RNAP) together with its respective promoter as a fully orthogonal system in P. pastoris. Similar
approaches have been undertaken in mammalian cells, where transient expression and siRNA (short-
interfering RNA) transcription was possible using T7 RNAP based systems [65, 66]. Hobl et al. were
successful in achieving nuclear localization of T7 RNAP and transcribing a reporter gene in P.
pastoris [64]. However, T7 RNAP RNA transcripts do not contain the 7-methyl guanosine caps at the
5’ end that are required for canonical eukaryotic mRNA translational initiation. The authors tried to
achieve translation initiation by providing an internal ribosomal entry site from hepatitis C virus
(HCV-IRES), to achieve 5’ cap independent translation. However, no translation of the reporter gene
could be detected, suggesting that the HCV-IRES is not functional in P. pastoris and the limiting
factor to use the T7 RNAP based system. In a recent RNA-Seq effort [60], P. pastoris endogenous
IRES have been identified and shown to be functional in two tested cases (GCN2 and KOG1
5’UTRs). These IRES parts may be used in combination with the established T7 RNAP system to
achieve high level expression.

Promoter engineering

Despite their strength and/or tight regulation, the most commonly used natural P. pastoris promoters
are not optimal for all applications. The high expression levels from Paox; and Pgap may have
negative effects on total yields if the GOI is coding for a toxic, secreted or difficult to fold protein.
Therefore various promoter engineering approaches have been undertaken to allow fine tuning of
expression levels by applying promoter libraries and using novel regulatory profiles offered by
synthetic promoters. Various promoter engineering strategies have been applied in S. cerevisiae,
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ranging from error prone PCR (epPCR) [16], over artificial transcriptional activators or repressors
proteins [20, 67, 68] and hybrid promoter design [15] to core promoter engineering [20, 21].

In P. pastoris, most engineering approaches have focused on Paoxi, Where conventional deletion [24,
69], random mutagenesis [25] and hybrid promoter strategies [9] known from S. cerevisiae have been
applied. However, also novel approaches based on putative transcription factor binding site (TFBS)
engineering [23] and synthetic core promoters were successfully applied [26] (Figure 1).
Deletion/hybrid promoter engineering strategies have also been applied to the Ppas, promoter [70].
Recently also the constitutive GAP and GCW14 promoters have been engineered by random
mutagenesis and/or systematic deletion studies [27, 28] (Figure 2).

Paoxi €ngineering
URS engineering

Eukaryotic promoters mainly consist of two major regulatory regions: the core promoter and upstream
regulatory sequences (URSs). While yeast promoters are shorter and consist solely of these two
elements, promoters of vertebrates are more complex and may contain in addition proximal elements,
enhancers, long-range regulatory elements and insulators [19, 71]. Core promoters, are required for
transcription initiation and bound by general transcription factors and by RNA polymerase 1I. The
5’UTR is an important determinant of mRNA stability and partially overlaps with the core promoter,
as also the sequence after the transcription start site (TSS), i.e. the beginning of the 5 UTR, affects
transcription initiation [72]. URSs contain specific TFBSs either bound by transcriptional activators or
repressors conferring particular regulation. The URSs of P. pastoris methanol regulated promoters
such as Paox1, Ppasz2 and Ppexg contain TFBSs for the methanol master activator Mxrlp [38, 39]. So far
no regulatory RNAs as riboswitches or RNAi (RNA interference) have been reported in P. pastoris.

The first engineering efforts of P,ox; relied on deletion studies of upstream promoter regions, leaving
the core promoter region widely untouched [23, 24, 69]. A related study has also been performed by
Ohi et al. on the much weaker AOX2 promoter [73], leading also to the identification of putative
regulatory regions in P,ox; (Figure 1). Two systematic P,ox; deletion studies were performed at
different resolution; Inan divided the P,ox; UpStream sequence in five parts and concomitantly deleted
them [69, 74] whereas Xuan et al. divided a similar P,ox; region into nine fragments [24] (Figure 1).
These deletions affected methanol inducible reporter gene expression in part strongly, decreasing
expression to as little as 14 % of wildtype P,ox: levels. Some deletion variants showed also up to 1.28
fold increased expression, others were bound by protein extracts from cells grown on methanol and
under glucose/methanol-repressed conditions, suggesting regulatory regions (Figure 1). Xuan et al.
subsequently introduced a putative regulatory region (shown to be bound by proteins by EMSA
[electrophoretic mobility shift assay] in their study) in multiple copies into deletion variants, thereby
further improving expression levels to 160 % of wildtype Paox: [24].

An alternative deletion approach by Hartner et al. relied on the prediction of putative TFBS from
other eukaryotes in the P,ox; upstream regions [23]. Subsequent deletions thereof led to variants
spanning a range of approximately 6 to more than 160 % of wildtype Pox; methanol induced
expression levels. Interestingly, some deletion variants showed also altered regulatory profiles.
Deletions termed ‘d6’ and ‘d6*’ did not require methanol for induction anymore, but showed a strong
derepression effect. Wildtype P,ox; IS tightly repressed on glucose or glycerol showing only very low
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derepression after glucose or glycerol depletion (2 to 4% of methanol induction [8, 75]), requiring
methanol for full induction. In the derepressed variants, expression was efficiently activated after
glucose depletion, reaching about one third of methanol induced wildtype promoter levels. It was
shown, that the derepressed conditions could be maintained in bioreactor cultivations by applying low
feed rates immediately taken up and metabolized by the cells [23] and these variants have been
demonstrated to outperform the wildtype AOX1 promoter in certain applications [76]. In a follow-up
study, putative regulatory regions identified by Hartner et al. were fused to the P,ox; COre promoter
resulting in synthetic hybrid promoters [9]. Certain variants showed derepressed expression and when
present in multiple copies, even outperformed the methanol induced wildtype Paox;.

Core promoter engineering

Engineering of URS has proven highly suitable to engineer variants spanning a range of expression
levels that can be used to fine tune gene expression [23, 24, 69]. In addition, also synthetic variants
with novel regulatory profiles were obtained [9, 23]. However, all these efforts relied on
modifications of the approximately 700 bp long upstream sequence of P,ox;. Introducing deletions in
this region required assembly of the promoter variants by overlap extension PCR (0ePCR) stitching
[77, 78] and thereby considerable wet lab efforts.

Engineering the considerable shorter core promoter region was shown to reduce the work amount and
also resulted in variants spanning a range of expression levels [25, 26]. This strategy is similar to an
approach focused on modifications of the ribosome binding sites in prokaryotes [79], which has
become a commonly used approach in recent years. The P,ox; core promoter (Pcoreaox;) is only 176
bp in length and variants thereof can be directly added on a long primer by standard PCR [26], not
requiring tedious 0ePCR stitching. Recently, two different engineering strategies have been applied to
engineer Pcoresox:. Berg et al. performed a random mutagenesis of Pcoreaox; [25] whereas Vogl et
al. designed at first synthetic core promoters and used successively a sequence grafting strategy to
modify Pcoreaox: [26].

The random mutagenesis by Berg et al. focused on two different regions highlighted in Figure 1. A
core promoter region termed ‘LC’ and an adjacent upstream region termed ‘LU’ were mutagenized
using degenerate primers with varying doping percentages for nucleotides (e.g. 79% C, 7% A, 7% T,
T%G or 79% T, 7% A, 7% C, 7% etc. [25]) at different positions. Berg et al. defined the LC region
“as the region from about 15 base pairs upstream of the putative TATA-box to about 35 base pairs
downstream of the transcriptional start site” whereas the LU region was defined as the “90 base pairs
region directly upstream of the P,ox; promoter core region” [25], see Figure 1. However, the transition
between core promoter and upstream region is somewhat arbitrary and in S. cerevisiae up to 200 bp
upstream of the TSS were considered to be part of the core promoter [72]. For Pcoresox: this would
also include the LU region of Berg et al. [25]. Yet, the core promoter length of Paox; Was previously
determined experimentally and applied as a core promoter by Hartner et al. [23]. The commonly used
length of 176 bp was just one out of different lengths showing similar properties [23]. For these
conflicting arguments, we are discussing both LC and LU libraries in this section, although the LU
library may also be seen as an URS engineering approach associated with the previous section.

The LC and LU random mutagenesis libraries were screened for increased resistance to Zeocin by
placing the Zeocin resistance gene under control of the promoter variants. More than 100000 (LC)
and 5000 (LU) random transformants were screened for growth on Zeocin containing plates under
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different conditions. On the one hand the variants were grown on methanol plates to identify
improved inducible variants and on the other hand they were screened under derepressed conditions to
identify abolished glucose repression. Some variants obtained in this plate screening showed up to 80
fold increased resistance levels under derepressed conditions and more than 3 fold increased
resistance levels on methanol plates. The variants contained between two and 18 point mutations.
Some variants were subsequently re-cloned and screened with a luciferase reporter gene. However,
the authors did not provide data of the luciferase expression levels of the methanol induced wild type
promoter, an important control. Therefore the expression levels of the derepressed variants relative to
established methanol induction with the luciferase reporter gene are unclear. It is also notable that
Berg et al. used an episomal (autonomously replicating) vector based on pBGP1 [80] to characterize
the promoter variants. This is in contrast to other P. pastoris promoter studies and general gene
expression in P. pastoris where expression cassettes are typically stably integrated in the genome [9,
23, 24, 26, 69, 81, 82].

An alternative core promoter engineering strategy was followed by Vogl et al. by designing synthetic
core promoters as an engineering toolbox for Pcore,ox; modifications [26]. At first a synthetic core
promoter sequence termed Pcorell was created by incorporating naturally occurring TFBSs into a
consensus sequence derived from four natural core promoters. In this process not only the core
promoter, but also the 5> UTR was designed de novo. Thereby the complex and largely unknown
natural regulation of the AOX1 5’UTR [83] was removed. The synthetic Pcorell fused to the
upstream Paox; Sequence showed tight repression on glucose and reached upon methanol induction
about 10 % of wildtype Pcoresox:, demonstrating that yeast core promoters can be in principle
designed following similar design strategies as for prokaryotic promoters [1]. Short stretches of
Pcorell were successively incorporated into Pcoresox:, resulting in hybrid core promoters spanning a
range of 10 to 117 % of wildtype Paox: expression levels. These core promoters can easily be attached
by PCR using long primers and allow thereby simple fine-tuning of gene expression e.g. required to
regulate the flux through metabolic pathways. We expect that this approach can be transferred to other
core promoters than Pcoreaox; by applying the same grafting strategy using Pcorell.

Comparing the fundamentally different core promoter engineering strategies applied by Berg et al.
and Vogl et al., the total number of transformants screened and also the results were different. While
Berg et al. screened more than 100000 random transformants, Vogl et al. characterized only 11 semi-
rational constructs. Vogl et al. thereby obtained variants spanning a range of expression levels,
including moderately improved variants, whereas Berg et al. (including parts of the URS) also
achieved altered regulatory profiles (derepression to a so far unclear level of methanol induced
wildtype Pox;) and a variant showing approximately two fold improved methanol induced levels of
the wildtype promoter (LC-2 shown in Figure 1).

Engineering of alternative promoters

Beside the different engineering approaches focused on Paoyx:, also alternative promoters have been
engineered in single studies (Figure 2). Tsustumi and Takagi engineered the strong methanol
inducible Ppas; promoter in a patent application [70]. In early promoter studies [8, 30], only a single
DAS gene has been identified in P. pastoris. In a recent sequencing effort of the entire genome, De
Schutter et al. [84] found a highly similar second DAS gene in reverse orientation next to the initially
described one. A follow up sequencing effort by Kuberl et al. [85] showed that due to the highly
similar gene sequences, the promoter regions had been reversed by De Schutter et al. and they named
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the corrected sequences DAS1 and DAS2, whereas DAS2 corresponds to the promoter sequence that
had long been known [29]. In earlier publications, the single DAS2 gene known had been referred to
either as DAS or DHAS [8, 39] leading to no direct confusions. However in recent patent literature
[70, 86] the Ppasz Sequence was used, but is referred to as Ppas;.

Tsustumi and Takagi [70] performed truncations, internal deletions and added putative upstream
activating sequences in multiple copies to Ppas, similar to the studies of Xuan et al. with Paox; [24].
Using a secreted phytase as reporter gene, truncations led to a 155 % improved variant, whereas
internal deletions led in some cases (e.g. pDd-14, 100 bp deleted) to a complete loss of function,
suggesting the presence of an upstream activating sequence. Deleting an even smaller stretch of only
about 20 bp in the pDd-14 region led also to a strong loss of reporter levels (24% of the Ppas;
wildtye). The putative regulatory region of pDd-14 was duplicated and fused in one to three copies to
the truncated pDd2 variant (termed pDd-26 to pDd-28) leading to 108, 139 and 181 % improved
expression compared to pDd2.

Qin et al. have performed a random mutagenesis over the whole length of Pgap affecting
simultaneously URSs and the core promote region [27]. After screening approximately 30000
transformants using eGFP as reporter, seven variants (G1 to G7) were further characterized with
additional reporter genes (lacZ and a methionine adenosyltransferase) and RT-qPCR, obtaining a
library spanning 0.6% to 19.6-fold of the wild-type promoter levels (Figure 2, B). However, in spite
of the extraordinary strength of the improved Pgap Variants, no follow-up publications reproducing the
almost 20 fold improvement have been published yet.

Similar to Paox1, engineering efforts of the constitutive Pgcwis have also only resulted in moderately
improved variants (approximately 1.2 fold) [28]. Zhang et al. performed an analysis for promoter
elements such as the TATA box and subsequently deleted these putative elements (Figure 2, C). In
addition, the promoter sequence was truncated and random mutagenesis of the whole promoter length
was performed. Approximately 3000 transformants were screened and 22 variants spanning a range of
20 to 120 % of the wild type promoter were further characterized showing between one and four
mutations. The mutagenesis rates in this study were lower than in the Pgap Study and the authors
noticed in several cases effects of single mutations (Figure 2, C). The best variant termed ‘M+20’ was
also tested with secretory and cell surface display expression of CalB resulting in approximately 33 %
higher activities.

Therefore the engineering efforts of Ppas, and Pgewis achieved comparable results to Paoxi, studies,
whereas the extremely high improvements obtained by Qin et al. for Pgp stand apart.

Conclusion and outlook

Over more than two decades, most commonly the wildtype AOX1 promoter and later on the GAP
promoter have been applied to drive heterologous gene expression in P. pastoris. Recently, a series of
promising new natural promoters and engineered variants of established promoters have emerged.
These new tools enable fine-tuning of expression levels to optimize the expression of difficult to
produce proteins and metabolic pathways. Although previously, methanol free, regulated systems
have been suggested as alternatives to Paoxi, Nnone of these systems have been applied by a broader
community. New natural promoters such as Pgry; as well as synthetic Paoxy Vvariants offer novel
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glucose induction or derepression based regulatory profiles that may succeed as a complementary
system to the methanol based wildtype Paoxi.

The basic understanding of P. pastoris promoters is still incomplete, yet synthetic biology and
promoter engineering approaches have also aided to overcome the natural limitations of Paox;. Future
efforts may rely on increasing the basic understanding of transcriptional regulation in P. pastoris and
subsequently applying synthetic biology engineering approaches as demonstrated in S. cerevisiae.
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Figure 1: URS and core promoter engineering of the AOX1 promoter.

(A) Overview on Paoxi URS (light coloring) and core promoter/5S’UTR (dark coloring) engineering
approaches by Inan [69], Xuan et al. [24], Hartner et al. [23], Staley et al. [83], Berg et al. [25] and
Vogl et al. [26]. Also two putative upstream activating sequences suggested by Ohi et al. from Paoxz
studies are shown [73]. The most commonly used length of Paox; is shown (940 bp), Inan [69] used a
promoter that is 102 longer, therefore Inan fragment A is in this figure truncated. Protein binding
regions identified by EMSA [24, 69] are indicated. Specific binding sites of the methanol master
regulator Mxrlp as determined by Kranthi et al. [38] are shown. Numbering is relative to the
translational start (+1).

(B) Detailed AOX1 core promoter and 5> UTR engineering efforts. TATA box, major (M) and minor
(m) transcriptional start sites (TSS) are shown [30]. Variants LC-1 and LC-2 obtained by random
mutagenesis by Berg et al. showed initially 40 to 80 fold increased resistance to Zeocin, in a
rescreening with an alternative reporter (firefly luciferase) expression reached an unclear level of
methanol induced Paox: [25].
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Figure 2
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Figure 2: Promoter engineering of DAS2, GAP and GCW14 promoters.

(A) Ppas> engineering by Tsutsumi and Takagi [70]. Truncations pDd-2 to pDd-10 and internal
deletions pDd14 to pDd-33 (darker shaded) are shown. The same naming as in the patent application
[70] is used, therefore some constructs (e.g. pDd-7) are missing, as they were not provided. Percent
activities of the wildtype promoter are given (for pDd-15 no information on the activity was
provided). Mxrlp TFBS as determined by Kranthi et al. are also shown, the two most upstream
binding regions are overlapping [39].

(B) Pgap random mutagenesis variants characterized by Qin et al. [27]. Fold activity changes
compared to the wildtype (wt) promoter using eGFP as reporter are given. The positions of point
mutations are correct but not drawn to scale.

(C) Pgcwis engineering approaches by Zhang et al. [28]. Deletions of putative transcriptional
elements, truncations (GEL-606 to GEL-77) and their effect on expression (percent of the wildtype
promoter) are given. The single point mutations were characterized after screening a random library
and led to expression levels between 21 and 128 % of the wildtype promoter. Numbering is relative to
the translational start (+1).
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Table 1

Table 1: Most commonly used and novel promoters in P. pastoris. Selected promoters are grouped by means of
regulation. As the promoters were tested with different reporter genes and cultivation conditions, the indicated approximate
expression levels are only a rough estimation. See [29] for a comprehensive list and detailed review of additional promoters.
The terms ‘inducible’ and ‘repressible’ are somewhat analogous and here used to distinguish between conventional inducible
promoters intended for high level protein production and the repressible promoters by Delic et al. [53] intended for down
regulating the expression of essential genes for cell biological studies.

Regulation Promoter | Gene name/function Regulation Strength Reference
Inducible Paoxt Alcohol oxidase 1 Methanol inducible, | Strong (up to 22 g/l [8, 30]
catabolite repressed intracellular
heterologous protein
[34])
Paox2 Alcohol oxidase 2 Methanol inducible, | ~5-10 % of Paox1 [33]
catabolite repressed
Ppas? Dihydroxyacetone Methanol inducible, | Strong (even | [8, 29, 30]
synthase 2 catabolite repressed exceeding Paox1)
Prp1 Formaldehyde Methylamine and methanol | Strong (similar to [51]
dehydrogenase 1 inducible, catabolite | Paoxy)
repressed
Pgthi /| Glucose transporter with | Repressed on  glycerol, | ~150 to 230 % of [63]
Pei* high affinity 1 induced by low glucose | Pgap
concentrations
Ppexs Peroxisomal matrix protein | Oleate and methanol | Weak [46, 47]
inducible, catabolite
repressed
PpHoss /| Sodium-coupled phosphate | Induced by low phosphate | Strong (similar to [52]
Pusp symporter levels Pcap)
Psccupt Metallothionein  binding | Induced by copper, | Not compared to [54]
copper in S. cerevisiae, | dependent on concentration | Paoxi OF Pgap
used as heterologous
promoter in P. pastoris
Constitutive Pcap Glyceraldehyde 3- | Constitutive, although | Strong, under optimal [31]
phosphate dehydrogenase | affected by the carbon | conditions similar to
source P aox1
Pecwia Potential glycosyl | Similar regulation pattern as | Stronger than Pgap [28, 59]
phosphatidyl inositol | Pgap (depending on the
(GPI)-anchored protein carbon source)
Prerr Translation elongation | Constitutive, growth | Strong (similar to [48, 49]
factor 1 alpha associated expression Pcap)
Prp Triose phosphate | Constitutive ~10-80 % of Pgap [49]
isomerase
Ppeki Phosphoglycerate kinase 1 | Constitutive Weak (~10% of Pgap) [49, 50]
Novel PuveTs ATP sulfurylase involved | Tightly  repressed by | ~13 % of Pgap (nON- [53]
repressible in methionine metabolism methionine repressed)
promoters Ppist Phosphatidylinositol Slightly  repressed by | ~40 % of Pgap (nON- [53]
reported by synthase 1 inositol; moderately | repressed)
Delic et al. repressed by zinc sulfate
[53] (49 % of induced
conditions)
Psert 3-phosphoserine Moderately repressed by L- | ~1 % of Pgap (nOn- [53]
aminotransferase serine (30 % of induced | repressed)
conditions)
Prhins Involved in the synthesis | Tightly repressed by | ~63 % of Pgap (nON- [49, 53]
of a thiamine precursor thiamin repressed)
Prart Homoserine kinase | Tight to slight repression | ~13 % of Pgap (NON- [53]
involved in  threonine | depending on the | repressed)

biosynthesis

combination of amino acids
added (Thr, lle, Val, Leu)

*The authors tested also additional, similarly regulated promoters with lower expression levels (Pgs, Pea, Pgs, Ps7 and Pgg)

[63].
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Abstract

Background

The heterologous expression of metabolic pathways for pharmaceutical or fine chemical production
requires a suitable expression host. The methylotrophic yeast Pichia pastoris is a commonly used
protein production host and single genes have been expressed at high levels using the methanol
inducible, strong and tightly regulated promoter of the alcohol oxidase 1 gene (Paox:). In the
heterologous expression of multi-enzyme pathways, the flux is typically balanced by stoichiometric
fine-tuning of reaction steps by varying the transcript levels of the genes involved. Consequently a
set of tightly regulated, yet sequence-wise distinct promoters is needed.

Results

Here, we have studied the complex regulation of the entire methanol utilization (MUT) pathway
using transcriptome analyses and by assaying 45 promoters with reporter gene measurements. We
noticed a pronounced involvement of the pentose phosphate pathway (PPP) and genes involved in
the defense of reactive oxygen species (ROS), providing also strong promoters which in part even
outperform P,ox; and offer novel regulatory profiles. We identified 15 tightly methanol regulated
promoters, spanning a range of 10 to 133 % of the P,ox; benchmark. Half of the promoters reach
more than 50 % of P,ox;. Several promoters showed derepression (activation when the repressing
carbon source is depleted) to varying extents and the promoter of the catalase 1 gene could also be
induced with oleic acid, offering an alternative to toxic and flammable methanol.

Conclusion

P. pastoris offers one of the largest sets of strong, co-regulated promoters, still showing pronounced
differences in their particular regulation and high sequence diversity. Alongside recently developed
genome-scale metabolic models, these promoters may propose P. pastoris as a powerful platform
for metabolic engineering endeavors.

Keywords

Transcriptional fine-tuning; promoters; microarray; Pichia pastoris
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1. Introduction

Metabolic pathways have been engineered and exploited for biofuel, pharmaceutical or fine
chemical production and are commonly heterologously expressed in microbial host organisms.
However, simple coexpression of the genes of a pathway is seldom sufficient to achieve high yields
and productivity, typically requiring an optimization of the flux towards the desired product and the
removal of kinetics bottlenecks [1,2].

Natural regulation of pathways is exerted at different levels ranging from transcription over
translation to the protein level [3]. In recombinant protein expression in eukaryotes, most commonly
transcript levels are varied by employing different promoters. Ideally, promoters for metabolic
engineering should provide tight regulation by induction to enable a separation of cell growth from
pathway expression and to avoid a constant additional metabolic burden [3]. Promoters covering a
wide range of expression levels should be at hand to enable expression fine-tuning, ranging from
tight down-regulation to high overexpression. To this end, either natural or synthetic promoters can
be used. Synthetic promoters provide typically a wider range of expression levels (10 to 1000 fold)
and finer increments of expression [3]. Commonly, promoter libraries are obtained from modifying a
single natural sequence and the final variants vary only slightly between their sequences (e.g. [4,5]).
Fine-tuning the expression of a multi gene pathway using such libraries is troubled by the high
identities of the sequences: On the one hand highly similar sequences complicate the in vitro DNA
assembly of pathways when using overlap-directed DNA assembly methods such as Gibson assembly
[6], as identical sequences can misalign. On the other hand similar sequences may lead to
homologous recombination in vivo and loss of parts of the expression cassettes (by loop out
recombination, [7] and references therein).

Concerning host platforms for metabolic engineering, most commonly Escherichia coli and
Saccharomyces cerevisiae are used [8]. Due its long use as a basic eukaryotic model organism and
the large fundamental knowledge, the ‘classic’ yeast S. cerevisiae is especially for eukaryotic
pathways the standard platform [9-11]. However, S. cerevisiae provides a limited set of tightly co-
regulated promoters, typically only few galactose (Psai1, Psais, Peaizy Peaizo) and copper (Pergi, Pergrs,
Pcups) regulated promoters are used [10,12].

Recently alternative, nonconventional yeasts have also attracted considerable attention having been
successfully applied for various metabolic engineering endeavors [13]. The methylotrophic yeast
Pichia pastoris is one of the most commonly used expression hosts for heterologous protein
production, due to beneficial traits such as growth to exceptionally high cell densities (>150 g dry cell
weight per liter [14]) and high yields of secreted proteins. A recent literature survey on recombinant
gene expression suggests that P. pastoris is even more frequently applied for single protein
production than S. cerevisiae [15]. Lately P. pastoris has also been used for an increasing numbers of
metabolic engineering applications [16—24] supported by the development of genome scale
metabolic models (GSMMs) [25-27]. Recently metabolic models have been revised on an improved
annotation of the P. pastoris proteome [28]. Yet, despite recent synthetic biology approaches [29],
the fundamental knowledge on P. pastoris is small compared to S. cerevisiae and also less molecular
tools such as promoters and terminators are available [30].

In P. pastoris and related methylotrophic yeasts (Hansenula polymorpha, Candida boidinii, Pichia
methanolica) typically methanol inducible promoters are used to drive heterologous gene
expression [31-35]. The most commonly used P. pastoris promoter of the alcohol oxidase 1 gene
(Paox:) is tightly repressed on carbon sources such as glucose, glycerol and ethanol (AOX1 mRNA
undetectable), while reaching about 5% of total mRNA and 30 % of total soluble protein upon
methanol induction [34].
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Despite the annotation of a several dozen genes putatively involved in the methanol metabolism
[36—38] alongside transcriptomics [39,40] and proteomics studies [41,42] hinting targets of
additional strong, methanol regulated promoters, so far only five methanol regulated promoters
have been tested in P. pastoris (strong: Paoxi, Ppoasz, Pripi; Weak: Paoxs, and Ppgxg [34]). Also in related
methylotrophic yeasts transcriptomics studies have been performed [43,44], yet again only few
promoters have been systematically characterized (e.g. five promoters in C. boidinii [45]).

Here we report a comprehensive characterization of the P. pastoris methanol utilization (MUT)
pathway, providing a large set of tightly regulated, sequence-wise distinct promoters offering a wide
range of expression levels (45 promoters tested). In frame of this work we noticed a distinct, carbon
source dependent regulation of isoenzymes involved in steps of the central carbon metabolism
(pentose phosphate pathway (PPP), glycolysis/gluconeogenesis), hinting an explanation for some
issues of current genomic scale metabolic models (GSMMs).

2. Materials and methods

2.1 Strains, plasmids, chemicals and media

The P. pastoris CBS7435 wildtype strain was used for most expression studies. Only CalB and HRP
were expressed in expression CBS7435 mut’ strain, as higher yields compared to the wildtype have
previously been reported in the literature [20]. The reporter plasmids were based on the Zeocin
selection based pPpT4_S vector reported by Naatsarri et al. [46]. See Supplementary materials S 1
for a detailed description of plasmid construction and cloning of the promoters (primer sequences
provided in S 2).

Chemicals, enzymes, cloning kits and E. coli cultivations were used and performed as recently
described [47]. P. pastoris media for standard deep well plate cultivations (glucose cell growth phase
followed by methanol induction) were prepared as reported by Weis et al. [48]: buffered minimal
dextrose (1% w/v) (BMD) and buffered minimal methanol medium (BMM) with 0.5% (v/v) methanol.
For growth on alternative carbon sources 1% (w/v) glycerol (BMG), 1% (v/v) ethanol (BME), 1% (w/v)
mannitol (BMMan), and 0.2% (w/v) oleic acid supplemented with 0.02% (v/v) Tween40 [49] (BMO)
were used. For the cultivation of horse radish peroxidase (HRP) expression strains hemin was added
to a final concentration of 25 uM to the starting medium and in the medium for the first induction
step (Krainer et al., accepted manuscript).

2.2 P. pastoris transformations and screening

P. pastoris was transformed with Swal linearized plasmids according to the condensed protocol of
Lin-Cereghino et al. [50]. Low amounts of DNA were transformed to avoid multi copy integrations
biasing comparisons. One pug of pPpT4_S is typically yielding only single copy transformants ([47] and
unpublished results). Therefore equimolar amounts of the vectors equaling one ug of pPpT4_S were
transformed. Transformant selection was performed as previously reported [47] to avoid clonal
variation [51,52]. In short, 42 transformants were screened, typically this landscape showed uniform
expression, except for a few transformants showing no expression or elevated expression. Three
transformants from the linear range of the landscape were streaked for single colonies and
confirmed by a rescreening for uniform expression. One representative transformant was used for
the further work.
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2.3 Cultivation conditions

DWP cultivations were performed following the protocol reported by Weis et al. [48]. In short, cell
material from single colonies was inoculated into 96 well DWPs and cultivated for 60 h on BMD
(250 pl). Subsequently an equal amount of BMM2 (1% methanol v/v to achieve a final concentration
of 0.5%) was added. The cells were additionally induced with 50 uL BMM10 medium (5% methanol
v/v) 12 h, 24 h and 48 h after the first induction. Samples were taken and measured at the indicated
time points.

Shake flask cultivations were performed in 250 ml baffled flask (25 ml BMD starting volume) and
inoculated to a starting ODgy, of 0.05. The flasks were induced after 48 h with 25 ml BMM2 and after
12 h, 24 h after the first induction with BMM10. Glucose concentrations were measured using a
hexokinase method based kit (Glucose UV kit, DIPROmed, Vienna, Austria). One ml of the reaction
solution was mixed with 10 pl sample and incubated for 10 min at room temperature. The resulting
NADH signal was measured at 340 nm and compared to a calibration curve.

Strains for the microarray experiments were cultivated in 1.5 | bioreactors. Due to precipitation
occurring with standard P. pastoris bioreactor cultivation media (modified basal salt medium based
on [53]), which might complicate RNA isolations and ODgy, measurements, we used buffered
minimal dextrose medium for all bioreactor cultivations (20 g/L glucose, 13.4 g/L BD Difco yeast
nitrogen base (Franklin Lakes, NJ, USA) and 200 mM potassium phosphate buffer (pH 6.0)).

A P. pastoris strain bearing a pPpT4 based Zeocin resistance plasmid was used, to have a reference if
the data should be compared to heterologous protein expressing strains. The 1.5-L fedbatch-pro”
bioreactor system (DASGIP AG, Juelich, Germany) containing 600 mL of BMD medium were
inoculated to an ODgy of 0.25. All cultivations were started in biological triplicates with a batch
phase on glucose as sole carbon source at 28 °C and aeration at 0.7 L air/min. Agitation was set
between 500 and 1200 rpm to keep oxygen saturation at 30 %. As a pH-control agent and nitrogen
source 25 % ammonia solution was used.

After the entire glucose was consumed (shown with glucose detection strips (Combur Test strips,
Rotkreuz, Switzerland)), methanol induction was started by addition of 0.5 % methanol. After
methanol was consumed (deduced from differential nitrogen feed and oxygen consumption levels)
reinduction at 1 % glucose was performed. The samples for RNA isolation were taken at the time
points indicated in (Fig. 2A). All samples were centrifuged immediately after collection and stored in
RNAse later solution (Life technologies, Carlsbad, CA, USA) at -80°C until further processing.

2.4 Microarray cultivations

Total RNA was isolated using a RiboPureTM Yeast RNA kit (Ambion, Austin, TX, United States). Purity
and integrity were assessed with an Agilent Bioanalyzer 2100 using the RNA 6000 Nano Assay kit
(Agilent Technologies, CA, United States). For reverse transcription and labelling an Affymetrix
GeneChip 3'IVT Express Kit (Affymetrix, Santa Clara, United States) was used with an initial RNA
amount of 450 ng. First strand and second strand synthesis were performed according to protocol at
40°C for 4 hours. Quantities and size distribution were again assayed with an Agilent Bioanalyzer
2100. Both for fragmentation and hybridization mix preparation 15 ug of DNA were used and
incubated with custom Affymetrix microarray chips as previously reported in detail [55]. Analysis
was performed with the new annotation of the CBS 7435 strain [38].

2.5 Reporter activity measurements

eGFP fluorescence measurements were performed in micro titer plates (Nunc MicroWell 96-Well
Optical-Bottom Plates with Polymer Base, Black; Thermo Fisher Scientific) using a Synergy MX plate
reader (Biotek, Winooski, VT, USA) [47]. Fluorescence was measured at 488/507 nm
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(excitation/emission). Fluorescence measurements were normalized per ODgy measured to account
for different dilution factors required to stay within the linear range of the plate reader.
HRP activity was measures using 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) as
substrate as described in the literature [20,54]. CalB activity was measured using 4-nitrophenyl
butyrate (Sigma-Aldrich, Vienna, Austria) as substrate as described in the literature [20].

3. Results and discussion

3.1. Genome wide transcriptional response towards different carbon
sources

We hypothesized that the complex reactions of the MUT pathway of P. pastoris (Fig. 1) and other
methylotrophic yeasts should encompass a large network of transcriptionally coregulated genes,
offering tightly regulated promoters that can be harnessed for heterologous pathway expression.
Typical considerations on the MUT pathway in P. pastoris have been limited to enzymes catalyzing
direct reactions of methanol [20,37,55]. This ‘canonical” MUT pathway is divided into a dissimilative
branch (oxidation of methanol to CO, and the generation of NADH for respiratory ATP production)
and an assimilative branch (to produce biomass by formaldehyde fixation) (Fig. 1).

However, recent transcriptome analyses suggest also non-canonical parts of associated processes
(e.g. peroxisome biogenesis, stress response, respiratory function) [39,43,44]. Concerning stress
response, the defense against reactive oxygen species (ROS) is crucial as the oxidation of methanol
to formaldehyde creates equimolar amounts of reactive hydrogen peroxide [56,57].

Previous transcriptomics studies of methylotrophic yeasts were based on heterologous DNA
microarray hybridization lacking MUT genes [40], different P. pastoris strains [39,40] or H.
polymorpha [43,44] and only two conditions were compared (growth on glycerol vs. methanol). Yet
typical MUT promoters show three levels of regulation [35]: 1) Repression in the presence of
repressing carbon sources (in P. pastoris glucose, glycerol and ethanol). 2) Derepression once the
repressing carbon source is depleted. 3) Induction by methanol.

Here, we used custom Affymetrix microarray chips [58] to compare the transcriptional response of
P. pastoris grown in bioreactors under glucose repressed, derepressed, methanol induced and
glucose readdition conditions (Fig 2A, S 3). The strong transcriptional changes between glucose and
methanol resembled closely effects reported in previous studies between glycerol and methanol and
have been comprehensively discussed [39,43,44]. However, gene regulation under previously
uninvestigated derepressed conditions was more different from methanol induction and growth on
glucose, than methanol and glucose from one another (Fig 2B,C), indicating vast transcriptional
changes. Notably, already when preparing amplified RNA (aRNA) for the array hybridization we
noticed lower vyields of derepressed conditions and altered capillary electrophoresis migration
patterns compared to the other samples (S 4). Compared to gene expression on glucose, 75 % of
genes were significantly (p<0.01) differentially regulated under derepressed conditions (4413 of
5869 probe sets), with equal numbers of up- and down-regulated genes. Amongst biological
processes (classified by COG terms [59]), especially genes coding for proteins involved in translation,
RNA processing and modification, cytoskeleton, nucleotide transport and cell cycle control were
downregulated (Fig _2D). Together with an upregulation of genes coding for proteins involved in
defense mechanisms, cell wall and extracellular structures, this response is in line with the
anticipated cellular reaction towards nutrient depletion and adaption to the stationary phase.

We investigated also the readdition of glucose to methanol grown cultures, to study mRNA turnover
and create a basic data set relevant for pexophagy studies. Methylotrophic yeasts are model systems
for peroxisome biogenesis and degradation [60] and similar shifts from methanol to glucose are
commonly performed to trigger pexophagy (e.g. [61]). The transcriptional response of glucose
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readdition appeared somewhat as an intermediate between the response towards glucose and
methanol: Transcript levels of MUT genes were upregulated compared to glucose, yet not as high as
on methanol, suggesting partial degradation of the mRNAs. Also sugar transporters were strongly
upregualated (e.g. HGT1 557-fold), as reported in a study comparing transcript levels between
growth on glycerol and glucose [62]. Downregulated genes compared to methanol included
peroxisomal proteins (e.g. PEX5, PEX6, PEX10, PER3), which would be in line with anticipated
pexophagy under glucose readdition conditions. However, the exact effects seen upon glucose
readdition will depend on the time when RNA is isolated. We sampled after two hours, the same
time interval applied for sampling after methanol induction (Fig 2 A). Therefore our experiment
provides a large dataset, yet the most interesting gene candidates for further studies should
however be verified by a time series e.g. by RT-qPCR.

Although MUT genes such as AOX1 have been reported to be only slightly derepressed (2-4% of
induced values) [34], they were amongst the most strongly upregulated genes in the derepressed set
of the microarray experiments (Fig 2E, S 3). AOX1 was for example 39-fold upregulated under
derepressed conditions compared to presence of glucose. We assume that these surprisingly high
values arise from the pairwise microarray comparison where the fold change (FC) between two
conditions is calculated. If a gene is not expressed under a certain condition, the background noise
will determine the FC value. In previous studies, the AOX1 mRNA was undetectable on glucose and
slightly derepressed upon glucose depletion (2-4% of induced values) [34,63,64]. Calibrating the
moderate signal from derepression to the very low background expression is resulting in a high FC
value. To this end, the FC values relative to repressed conditions have to be treated with care when
analyzing putatively repressed genes. In these cases we based our interpretations on the reporter
protein experiments (Fig. 3).

3.2. Reporter gene analysis of MUT promoters

Microarray results give only a relative fold change and no information on the actual absolute
expression level. Therefore all promoters of canonical MUT pathway genes (following the most
recent annotation/model [20,37]) and associated, non-canonical pathways (PPP, ROS defense,
selected peroxisomal proteins and glycolysis/gluconeogenesis enzymes) were cloned upstream of an
enhanced green fluorescent reporter protein (eGFP) and assayed for reporter protein fluorescence
under various growth conditions (Fig. 3). The promoter of the glyceraldehyde 3-phosphate
dehydrogenase gene Psap Was included as reference of a strong constitutive P. pastoris promoter
[34].

The length of yeast promoters can vary considerably (the median length in S. cerevisiae being
455 bp) and for promoter comparisons lengths of 1000, 800 and 600 bp have been used [65]. For
assembling and expressing pathways, short promoters are desirable as they reduce the plasmid size
(facilitating transformation) and mutations in PCR amplification are less likely to occur.

We have selected the promoter sequences as the distance from the start codon to the respective
upstream gene (Supporting Table S 2 for gene names and promoter lengths tested and Supporting
Figure S 5 for genomic organization). Promoter lengths reported in literature were also tested, in
case of ambiguous sequence information (e.g. multiple ORFs, putative annotations) 1000 bp
promoter length were used (S 6).

All promoters were seamlessly fused to the reporter gene (i.e. the transition from promoter to start
codon is native, without additional restriction enzyme recognition sites in between). High
throughput 96 deep well plate cultivations [48] of the 45 strains allowed to easily assay expression
on different carbon sources and at different time points (Fig. 3, S 7).

We used protocols mimicking typical two-phase fed-batch bioreactor cultivations (Fig. 3A): The
strains were at first grown on glucose until depletion and then induced with methanol over 72 h (full
time series shown in S 7). Samples were taken during glucose repressed, derepressed and methanol
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induced conditions (similar to the microarray cultivations shown in Fig. 2A). In methylotrophic yeasts
species, the response towards alternative carbon sources is variable [35] and effects on MUT
promoters have never been systemically assayed. Therefore we tested in addition growth on
commonly used alternative carbon sources (glycerol, ethanol, oleic acid, mannitol) (Fig. 3 D). In cases
where different lengths of the promoters were tested, no effects on reporter gene fluorescence
were noticed (Supplementary figure S 6, only the shortest lengths are shown in Fig. 3).

Several canonical MUT promoters showed strong methanol inducible reporter fluorescence reaching
at least half of the commonly used AOX1 promoter (Prp1, Peori, Poasi, Poasz)- Ppas2 €ven outperformed
Piox: as reported in early studies [66]. Some promoters showed weaker methanol inducible
expression (Preu1, Poaki, Prexs, Prsaz, Paoxz). Further promoters showed constitutive expression (Papz,
Prpi1, Prsp1, Ppgiz) @s in part previously reported [34], however clearly lower than the commonly used
constitutive GAP promoter. Promoters of genes involved in ROS defense showed varying results:
Pcar: and Ppypp showed strong expression on methanol, a few promoters showed low to
intermediate expression (Psopz, Psops, Pusrics). However, several ROS promoters did not show any
detectable reporter gene fluorescence, suggesting either no expression or low expression under the
detection limit. In case of the five methionine sulfoxide reductase promoters tested, only a single
promoter showed clear reporter gene fluorescence, suggesting that MSR1c3 is the major methionine
sulfoxide reductase in P. pastoris. PPP promoters showed a strong variability in regulatory profiles
and expression levels, implications thereof are discussed below.

Cultivations on alternative carbon sources did not show remarkable general trends (Fig. 3B), but
certain promoters were specifically regulated in correlation with the function of their natural gene
product: Pspy, (alcohol dehydrogenase) was clearly upregualted on ethanol, Pcir; was strongly
induced on oleic acid (presumably owing to the detoxification function of catalase of hydrogen
peroxide arising from beta oxidation of fatty acids). Canonical MUT genes were only slightly
upregulated on oleic acid compared to glucose, suggesting that the regulation thereof is not
overlapping.

The trends observed in the microarray experiments (Fig. 2E) correlated with the output of the
reporter gene constructs. A notable exception is the derepressed phase, where microarrays gave
higher fold changes than could be deduced from the reporter fluorescence measurements. AOX1
was for example in microarrays under derepressed conditions 39-fold upregulated compared to
glucose, whereas reporter fluorescence did not increase over background level.

These differences may have arisen form the different cultivation conditions as bioreactor
cultivations were used for the microarray experiment but small scale DWP cultivations for the
reporter genes. In a recent study [67], Paox: driven expression of several heterologous genes reached
in bioreactors substantial levels before methanol induction. In shake flasks this effect was not
apparent. Bawa et al. did not discriminate explicitly between repressed and derepressed conditions,
but the cultivations were left for several hours under carbon source depleted conditions prior to
methanol induction. This would suggest a different extent of derepression between small scale and
bioreactor cultivations. Bawa et al. discuss different oxygenation as possible explanation. Aeration is
also in our experiments the major difference between the small scale cultivations and bioreactor
cultivations. In the related methylotrophic yeast C. boidinii the expression of methanol inducible
peroxisomal enzymes was dependent on mitochondrial respiratory function [68] and the expression
of P. methanolica alcohol oxidases was also regulated by the oxygen levels [69]. It seems plausible
that also expression in the derepressed phase could also be affected by oxygen levels. Also in
another P. pastoris bioreactor study following GFP expression over time, an effect of the oxygen
level on methanol induction was noticed [70]. However, no expression before methanol induction
was apparent. Therefore understanding the exact effect of derepression in bioreactors will require
further studies.
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Alternatively, these differences may be attributable to the issues arising from pairwise microarray
comparison of very tightly repressed genes, as suggested above. Therefore technical issues or
cultivation conditions could be affecting the interpretation of the derepressed condition. Small scale
cultivations appear to underestimate the derepression effect. So we rely for the interpretation more
on the small scale reporter gene results, than the microarray data, to avoid overestimation of
derepression effects.

We placed in the analysis special emphasis on derepression, regulation of isoenzymes and sequence
features.

3.3 Pcar1 shows strong derepressed expression and matches Psox: also for
some specific examples

In P. pastoris, so far no natural derepressed MUT promoters are known, but synthetic P,ox; variants
have been reported, enabling methanol free processes solely regulated by glucose/glycerol levels
[5,71]. In related methylotrophic yeasts derepressed expression levels may reach up to 70 % of
methanol induced expression [35], allowing simple, methanol free expression. Therefore we placed
in the analysis special emphasis on the glucose repression and derepression phase. Derepression
effects between MUT promoters varied considerably: Several promoters such as Paoxi, Ppasi, Poasa
Powmp2o, Prarz, Preaz Showed very tight regulation with no derepressed reporter protein fluorescence
detectable. Prgp1, Ppaki, Pripz and Pepy; showed slight to intermediate derepression (Fig. 3).

The promoter of the CAT1 gene showed tight repression on glucose and highest derepression (29 %
of the strong constitutive Pgap) and could be induced with methanol to similar levels as P4ox; (Fig.
3AE; Fig. 4). Therefore we focused on Pgr; as representative promoter to evaluate the suitability of
derepressed promoters for protein production in P. pastoris. Pcr; is also the only P. pastoris MUT
promoter, which can also be induced with oleic acid to similar levels as on methanol (Fig. 3E).
Noteworthy, we experienced with the first tested promoter lengths Pcari692 and Peari-1000 CONSstructs
(S_6) problems of transformation background (colonies loosing expression when recultivated). The
default length of Pc,r; for all standard applications should be 500 bp.

However, Pcar; expression under derepressed conditions was here only inferred from the
fluorescence levels of the eGFP reporter protein. Cytoplasmic eGFP is easily folded and well
tolerated by P. pastoris [5,47,72]. Heterologous protein production in P. pastoris is preferably
achieved by secretion, as downstream processing is facilitated (no cell breakage etc. required).
Therefore we tested secretory expression of two industrially relevant enzymes Candida antarctica
lipase B (CalB) and horseradish peroxidase (HRP) fused to the commonly used mating factor alpha
secretion signal sequence. Under derepressed conditions we obtained 35 % (CalB) and 21 % (HRP)
volumetric activity of the constitutive state of the art promoter Pgyp (Fig. 4B,C). Methanol induction
of Pcar; and Paox; showed a strong time dependent effect with activities considerably increasing over
time. Pcar; showed for both enzymes a faster response than the respective Psox; constructs. After
72 h of methanol induction, Pcr; reached similar volumetric yields as in Paox; driven HRP production.
For CalB production, Pcar; even outperformed P,ox; driven production 2.8 fold. For eGFP expression,
reporter gene fluorescence changed only marginally after 24 h of methanol induction (S 7),
suggesting a specific effect on secretory proteins. Judging from the results of eGFP, CalB and HRP the
promoter used can have a strong effect on expression, suggesting to compare promoters with
different regulatory profiles for optimal yields. These effects may be caused by effects on overall
mRNA levels, degradation or even translation initiation (since also the 5’untranslated regions are
different).

Considering space-time-yields, the shorter cultivation time of derepressed Pc,r; yielded after 60 h
44 % (CalB) or 32% (HRP) of methanol induced P,ox; after 132 h. These results suggest that
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derepressed expression is also possible with secretory protein expression, yet reaching lower
productivity than methanol induced processes in small scale cultivations. Secretion typically exerts
more stress on the cell and may induce the UPR (unfolded protein response) or ERAD (Endoplasmic-
reticulum-associated protein degradation) [73], resulting in higher metabolic demands. Carbon-
source depleted growth conditions may affect secretory protein expression stronger than simple
cytoplasmic expression resulting in lower relative yields.

In bioreactor cultivations, derepressed conditions have also been exerted by a limited carbon source
feed (as demonstrated for synthetic derepressed P,ox; variants [5,71]), providing the basis for more
efficient expression, than in the small scale cultivations applied here. If desired, it should also be
possible to extend the derepressed phase in small scale cultivations using a continuous enzymatic
release of low levels of glucose from a glucose-based polymer, as reported for P,ox; applications
[74]. Alternatively, also oleic acid based feed strategies could be applied, since Pcar; Was induced to
similar levels on oleic acid as on methanol (Fig. 3B).

However, for basic screening and comparison of transformants, derepressed Pqsr; driven expression,
worked sufficiently without supplementary feeding, still shortening the screening protocol by 72 h
(60 instead of 132 h) since no lengthy methanol induction phase is required.

In respect of the nutrient free derepressed phase, one major question is arising: Where does the
energy come from? We presume that during exponential growth on glucose, P. pastoris is building
energy depots (mostly lipids), that are subsequently liberated and used for adaption to carbon
source depleted conditions/the stationary phase. Also autophagic processes may be involved, as also
the adaption of P. pastoris to methanol is associated with autophagy [42,75].

Concerning its molecular regulation, Pcsr; could be induced by different stimuli and transcription
factors: The peroxisomal S. cerevisiae CAT1 homolog is regulated by carbon source-responsive
transcription factors (Adrlp, Oaflp) [76], correlating with P. pastoris Pcsr; activation after glucose
depletion in our experiments (Fig. 4 A). However, also processes associated with the adaption to
glucose depletion may be indirectly involved in Pcar; regulation. The primary function of Catlp after
glucose depletions is detoxification of H,0,, arising from ROS stress due to adaption to the stationary
phase (e.g. fatty acid beta-oxidation results in considerable amounts of H,0,). Therefore also ROS
could act as activating stimulus of P 7, similar to the cytosolic catalase (CTT1) of S. cerevisiae which
is activated by various stress conditions and transcription factors such as Yaplp [77] (P. pastoris
contains only a single catalase gene with a predicted peroxisomal targeting sequence). Also an
involvement of nitrogen regulation has been suggested for P. pastoris CAT1 [78].

For the basic handling in standard cultivations understanding the molecular regulation of P is not
required, yet elucidating the exact regulation of Pcr; may enable the design tailor-made
transcriptional regulatory circuits.

Ultimately we consider derepressed promoters such as Pcsr; important new tools enabling shorter,
methanol free processes alongside glycerol-repressed/glucose-inducible promoters previously
reported [62].

3.4. Regulatory implications and sequence features

Judging from reporter protein fluorescence and the microarray data, certain MUT associated pairs of
isoenzymes are peculiarly regulated. While Pp,s; and Pp,s;, are identically regulated and expressed to
similar extents, Prga; is constitutively expressed on glucose at moderate levels, but downregulated
on methanol. In contrast Pgg,; is repressed on glucose and induced on methanol. Similar behavior is
also evident for PPP isoenzymes pairs: P4, is tightly repressed by glucose and induced by methanol.
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Vice versa Pr; is moderately expressed on glucose. Pgpg; is clearly induced by methanol, whereas
Prpe1 appears to be at best weakly expressed.

This suggests a peculiar role of isoenzymes taking over different functions on glucose and methanol
to channel metabolic flux towards alternative metabolites. We presume that the flux of the non-
oxidative PPP is channeled towards XusP required for formaldehyde fixation (Fig. 1). It is also
tempting to speculate, that the oxidative PPP is upregulated to boost NADPH regeneration (required
for reduction of GSSG to GSH by the glutathione redox system). However, the promoters of the
respective genes show only low, inconclusive reporter protein fluorescence little above background
values, which is in line with previous studies [79]. Therefore this assumption is not experimentally
validated and in a recent P. pastoris metabolomics studies [80] alternative explanations such as a yet
unidentified NADPH reoxidation mechanism (as described in the related methylotrophic yeast H.
polymorpha (P. angusta) [64) have been discussed.

Jorda et al. [80] performed flux analysis of glucose-methanol co-utilization using a model previously
developed [81]. Notably, they discussed possible inconsistencies of the model regarding PPP
metabolites, that could only be resolved modifying the transketolase and transaldolase reactions
[80]. It appears plausible that these effects are caused by the TALI and TAL2 isoenzymes that are
antagonistically transcriptionally regulated in our study. In S. cerevisiae also different isoenzymes of
PPP steps are known and yet their significance for accurate metabolic models has been highlighted
[82], their exact roles are unknown.

A biochemical characterization of the antagonistically regulated isoenzymes of the MUT pathway
(FBA1/FBA2, TAL1/TAL2) regarding their substrate specificity, feedback regulation etc. may
considerably increase the understanding of the metabolic adaption of P. pastoris to methanol.

In several cases, isoenzymes or related genes were organized closely to each other in the genome
(e.g. DAS1/DAS2, TAL1/TAL2, RPE1/RPE2, RKI1/RKI2, SOD1/SOD3, MSR1c4/MSRAB, see Supporting
Figure S 5). Notably, also the antagonistically regulated PPP gene pair (TAL1/TAL2) is also adjacently
organized separated by an intragenic region of less than 1 kbp. The annotations and sequences of
these loci differ between sequencing efforts of the CBS7435 strain [37] (used in this study) and the
GS115 strain [36] (S_5 and extended discussion therein). Most strikingly, almost the entire
RPE1/RPE2 locus is missing from the GS115 annotation and neither gene is annotated. Since the P.
pastoris KEGG [83,84] pathway maps are based on the GS115 annotation, this key step of the PPP is
missing in KEGG based analyses. As the coding sequences of the isoenzymes show high similarity, we
presume that the sequencing/annotation differences in these loci have arisen because of difficulties
associated with sequencing of repetitive sequences. In a recent GSMM based study [17], TAL1 was
even omitted as target for overexpression studies because of these uncertainties in annotation.
Therefore resolving these annotation issues and understanding the function of the antagonistic
regulation of MUT isoenzymes may help to improve existing GSMMs.

Interestingly, the core promoters of all MUT and associated promoters show a striking enrichment in
TATA box motifs (S 2). Yeast core promoters follow two fundamental types of architecture [85,86]: 1)
TATA box containing promoters are highly regulated and depend on the SAGA coactivator. 2) TATA-
less promoters are rather constitutively active and depend on the TFIID coactivator (TFIID). While
TFIID dependent promoters account for ¥90% of promoters in S. cerevisiae, only ~19% of promoters
contain a TATA box and approximately half of those are SAGA dependent [85].

Remarkably, 9/13 promoters of genes of the assimilative and dissimilative MUT pathway contained a
clear TATA box consensus motif in close proximity (<200 bp) to the start codon. In associated
pathways TATA boxes appeared also enriched (PPP: 5/11; ROS: 4/14 promoters containing a TATA
box). Overall, ~47 % of promoters of MUT related genes in this study contain a TATA box which
correlates with the tight regulation observed in the microarray and reporter gene measurements. In
S. cerevisiae TATA box promoters are often associated with stress regulated genes [86], suggesting
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that the tight transcriptional regulation of MUT genes has evolved to respond to the major
physiological changes demanded from methanol metabolism.

Based on their strength and regulation we suggest that P. pastoris MUT promoters can be classified
in groups of strong, intermediate and weak inducible promoters with different extents of
derepression. All methanol inducible promoters are tightly repressed on glucose. But while some
promoters remain repressed under glucose depleted conditions, others show clear derepressed
expression (Tab. 1). These results suggest that P. pastoris offers a toolbox of about 15 methanol
regulated promoters. About half show strong expression comparable to Psox; and the other half
spans a range of lower expression levels. Due to the tight glucose repression, strength and their high
sequence diversity, these promoters appear as a versatile toolbox for fine-tuning the expression of
heterologous pathways.

4. Conclusion

Here we have shown, that P. pastoris provides to our knowledge the largest set of tightly co-
regulated promoters known in biotechnological expression hosts. Testing 45 promoters of the MUT
pathway and associated processes resulted in 15 methanol regulated promoters, about half showing
very high expression levels (Tab. 1). Such a toolbox of strong promoters is valuable for
overexpressing heterologous multi genes pathways, yet also weaker promoters appear useful for
transcriptional fine-tuning of stoichiometric ratios between pathway steps. Up to seven genes can
be coexpressed using only strong MUT promoters and up to eleven genes can be expressed using
also promoters of intermediate strength. Our microarray data and related studies [39-44] suggested
even more genes, that are similarly highly upregulated: About 35 additional genes are more than 20
fold upregulated and about 10 genes more than 70 fold (comparing methanol induction with
glucose, S 3). Therefore these datasets can be mined for additional tightly methanol regulated
promoters.

Despite their similar regulation, the promoters tested show little to none sequence similarities,
possibly as short regulatory elements such as transcription factor binding sites may be variably
dispersed over the whole promoter (as shown for Paox1, Ppas; and Ppexs [34,87,88]). In contrast to
highly similar variants of a synthetic promoter library, which are typically derived by small changes of
a single promoter, the low sequence similarity between natural MUT promoters appears favorable
for in vitro overlap-directed DNA assembly and also in vivo stability. From a basic research
perspective this low sequence similarity between highly co-regulated promoters is puzzling and may
suggest MUT promoters as a model system for studying transcriptional regulation and as a
repertoire of parts for synthetic biology.

Growth and metabolism of the cheap inducer methanol may bear also additional benefits for certain
applications. In recent work on artemisinic acid production in S. cerevisiae [10], oxidative stress
arising due to cytochrome P450 (CYP) expression was counteracted by increasing the levels of
cytosolic catalase. P. pastoris has been shown to be a highly suitable expression system for CYPs
[16,89,90] and growth on methanol necessitates a high tolerance to ROS stress (caused by oxidation
of methanol to formaldehyde, Fig. 1).

Over the last two decades P. pastoris has become a popular expression host for high-level single
protein production, even surpassing S. cerevisiae [15]. Considering the recent development of
GSMMs and the availability of suitable promoters, P. pastoris appears also as a promising alternative
to S. cerevisiae for metabolic engineering endeavors requiring tight transcriptional regulation of
large heterologous pathways, CYP expression or oxidative stress tolerance.
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Fig. 1: Canonical and non-canonical parts of the P. pastoris methanol utilization pathway. The
canonical MUT pathway is based on the most recent annotation [37] and physiological studies [20].
The part on ROS defense is based on [56]. The PPP is here shown as associated with the assimilative
branch of the MUT pathway, the oxidative (for NADPH regeneration) and non-oxidative phase are
highlighted. Enzymes are named according to the respective gene product names (see Table S 2 for
the enzymatic functions). Peroxisomal membrane proteins Pex5, Pex8 and Pex14 involved in
peroxisome biogenesis and peroxisomal signal sequence recognition and relevant reactions of
glycolysis (catalyzed by Pfklp, Gpilp, Pfklp) are also shown. Alternative steps of the dissimilative
MUT pathway (methylformate formation [putatively by ADH2] and demethylation thereof by a yet
unknown enzyme) as annotated by Kiberl et al. [37] are not shown.

Abbreviations of metabolites: DHA: dihydroxyacetone; DHAP: dihydroxyacetone phosphate; ET,P:
erythrose 4-phosphate; FRU;¢P: fructose- 1,6-bisphosphate; FRU¢P: fructose-6-phosphate; GAP:
glyceraldehyde-3-phosphate; GLC,P: glucose-1-phosphate; GLCgP: glucose-6-phosphate; GSH:
glutathione; GSSG: oxidized glutathione self-dimer; MetO: methionine sulfoxide; ¢PGL: 6-
phosphogluconolactone; (PGT: 6-phosphogluconat; P;: inorganic phosphorus; PYR: pyruvate; ROsP:
ribose 5-phosphate; RUsP: ribulose 5-phosphate; SH,P: sedoheptulose 7-phosphate; TCA:
tricarboxylic acid cycle; XusP: xylulose 5-phosphate.

Legend: ,R‘ in chemical formulas denotes a hydrogen, aliphatic or aromatic organic group; ® non-
ribosomal peptide synthesis; ® issues with annotation, see S 5; ¢ Tkllp has also been assigned
putative dihydroxyacetone synthase activity [20,37]; ¢ Transketolase activity is required for both the
reaction of XusP+RIsP>SH,P+GAP and ET<P+XusP—~> F¢P+GAP. * The reaction of CH,O and GSH is
occurring non-enzymatically.
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Fig. 2: Genome wide transcriptional response of P. pastoris towards growth on different carbon

sources.

A) P. pastoris bioreactor cultivations and sampling points used for the microarray analyses.

Growth curves for the same strain in biological duplicate

s are shown; standard deviations

are technical replicates of the OD measurements. Glucose depletion (equaling the end of the
exponential phase) was determined by the oxygen peak and confirmed by glucose

measurements. Glucose readdition was performed one h
(31 h) and samples taken at the time points indicated. Ab

our after methanol was depleted
breviations of sampling points for

microarrays: ‘G’ —glucose, ‘D’ — derepression, ‘M’ — methanol, ‘GR’ — glucose readdition.

B)

Comparison of the transcriptional response under all tested growth conditions. In the lower

left corner the number of down- (DN), not regulated (NR) and upregulated (UP) genes is
given (p < 0.01) [total number of probe sets: 5869]. In the upper right corner deregulated
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E)

(DN or UP) genes are listed by different fold change (FC) criteria [M1.0, 1.5 and 2.0 denoting
the respective log2 values].

Comparative analysis of differential gene expression between growth under derepressed,
methanol induced and glucose readdition conditions. These three conditions were each at
first normalized to growth on glucose. The numbers of unique and overlapping genes
showing up-, down- and deregulation are given (FC >log2(1.0), p <0.05, the same criteria and
normalization were applied for the analyses shown in panel D).

Functional grouping of differentially regulated genes to biologic processes by COG terms
[59]. The relative numbers of down-, not- and upregulated genes assigned to the same COG
terms are shown (each condition was compared to growth on glucose as in panel C). The
total number of genes assigned to each COG term is given in parentheses. Full COG terms if
abbreviated : “Intracellular trafficking, secretion, and vesicular transport”, “Secondary
metabolites biosynthesis, transport and catabolism”, “Inorganic ion transport and
metabolism”, “Posttranslational modification, protein turnover, chaperones”, “Translation,
ribosomal structure and biogenesis”, “Replication, recombination and repair”, “Translation,
ribosomal structure and biogenesis”, “Coenzyme transport and metabolism”, “Carbohydrate
transport and metabolism”, “Nucleotide transport and metabolism”, “Amino acid transport
and metabolism” and “Cell cycle control, cell division, chromosome partitioning”.

Regulation of MUT genes shown in Fig. 1 (relative to glucose). FC log2 values are shown; if
the changes were not significant (p <0.01) the values are not shown (grey). In case multiple
probe sets were present on the array (e.g. AOX1), the mean FC value is shown.
Abbreviations: BPP: before branch point (to assimilative and dissimilative branches), PBI:

peroxisomal biogenesis and import.
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Fig. 3: MUT promoters show with an eGFP reporter gene a wide range of regulatory profiles and a
range of expression levels.

(A)

(B)

Reporter protein fluorescence of MUT promoters in a time series experiment mimicking
typical biphasic bioreactor cultivations. The promoters of MUT and associated genes (S 2)
were seamlessly cloned upstream of an eGFP reporter gene and transformed into P.
pastoris. The strains were cultivated in a high throughput 96 well deep well plate format [48]
in biological quadruplicates (mean value and standard deviation shown) on glucose
containing medium (BMD: buffered minimal dextrose) for 60 h and subsequently induced
with methanol (BMM). Samples were taken under glucose repressed conditions (15.5 h),
derepressed conditions (60 h) and 24 h methanol induction. eGFP fluorescence was
normalized per ODgg. Additional sampling points measured are shown in (S 7). Only the
shortest promoter lengths tested are shown, alternative lengths tested did not affect
reporter protein fluorescence (S 6). The same abbreviations as in Fig. 2 E are used.

MUT promoter reporter protein fluorescence on different carbon sources. The same strains
as in panel (A) were cultivated for 60 h on the media indicated (BMD: glucose, BMG:
glycerol, BME: ethanol, BMMan: mannitol; BMO: oleic acid, BMM: methanol). Measurement
procedures, replicate handling and data of glucose are identical to the 60 h data of panel A.
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Fig. 4: Pcar; expression starts after glucose depletion and this derepressed regulatory profile is also
suitable for secretory protein production.

(A) Comparison of regulatory profiles of Pcaris00 to the methanol inducible state of the art promoter
Psox:. The strains were grown in biological triplicates in shake flasks (mean value and SD shown).
Reporter protein fluorescence of eGFP (under control of the respective promoters), glucose levels and
ODgo (to assess growth) were measured at the time points indicated. Fluorescence measurements were
normalized per ODgo. The cultures were induced with methanol after 48 h. Fluorescence/ODgq, values at
t=0 are not shown, as the starting ODggo (0.05) was outside of the linear range of the spectrometer used.
(B) Volumetric activities of Pcari-s92, Paox: and Pgap driven secretory production of Candida antarctica
lipase B and (C) horseradish peroxidase (HRP). The strains were grown for 60 h on glucose (G) to achieve
derepression and were subsequently induced with methanol (M) for 72 h. Volumetric activities in the
supernatant were measured in 24 h intervals. Stable genomic integrated transformants of Pcari.69> Were
used (showing identical expression to Pcari.s00; S 6). Mean value and standard deviations of biological
triplicates are shown.

Tables
Tab. 1

Tab. 1: Grouping of P. pastoris MUT promoters.

Definitions of promoter strength (determined from reporter gene fluorescence of Fig. 3): strong
>67%, intermediate 33-67%, weak <33 % of P,ox:. ° The GAP gene is not directly part of the MUT
pathway but included as reference of the strongest constitutive P. pastoris promoter [34]. ° Paoys is
constitutively expressed, but also upregulated on ethanol.

Methanol inducible

Tightly Constitutive
repressed Derepressed
PAOXI) PDASly P P
Stl‘Ong PDASZ, CAE) FDH1, PGAPa
Pewmp20, FLo1
Intermediate PraL2, Preaz | Ppexs, Poaxt Paor2”

PTF’Il, PFBPl,

Paox2, Prii, Peait, PraL1,
Weak P
PRPEZ FGHL PMSRIC31 PPFKI)
PGPMl
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Supporting information

S1
S 1: Detailed construction of the vectors used in this study.

Promoter reporter gene plasmid

We based our reporter gene vector on the pPpT4_S vector [46] and enhanced green fluorescent
protein (eGFP) sequence [47] previously established for promoter studies in P. pastoris. We adapted
the vector for TA cloning [91] and simple insertion by Gibson assembly [6]. A stuffer fragment/place
holder fragment was placed upstream of the eGFP reporter gene. Digestion with the type IIS
restriction endonuclease Bmrl removes the stuffer, leaving thymidine overhangs suitable for cloning
of adenine tailed PCR products. The stuffer is designed to enable seamless fusions of the promoter
with the 5’ end of the reporter gene, maintaining the natural sequence context of the start codon.
The AOX1 promoter of the pPpT4_S vector was removed by Pcil and Notl digestion and replaced
with an overlap extension PCR (olePCR) fragment consisting of an ARG4 integration sequence
(intARG4), the stuffer fragment and the GFP gene. The stuffer fragment is a part of the THI5 gene
from S. cerevisiae and does not show any sequence homology to P. pastoris or E. coli. (blastN,
standard settings). The following primers were used for PCR amplification (see S 2 for primer
sequences): int.arg.fwd + int.arg.rev, stufferTHI5.fwd + stufferTHI5.rev and EGFPfwd.stufferTHI5 +
EGFPrevNotl. Bmrl sites flanking the stuffer fragment were added on the PCR primers. The
fragments were gel purified and mixed in equimolar ratios for olePCR. Primers int.arg.fwd and
EGFPrevNotl were added after 20 cycles. The fragment of the correct size was gel purified, digested
with Pcil and Notl and ligated with the vector backbone. A Mlyl site present in the vector was
removed by PCR amplifying the vector wusing primers ZeoCDS mut Mlyl fwd and
ZeoCDS_mut_Mlyl_rev Pfu Ultra polymerase followed by Dpnl digestion. The whole vector was
confirmed by Sanger sequencing. The vector is referred to as pPpT4mutZeoMlyl-intARG4-eGFP-
Bmrlstuffer.

The promoters were PCR amplified using the primers listed in S 2 and cloned by TA cloning or Gibson
[6] assembly into the reporter vector. For TA cloning, orientation was confirmed by colony PCR and
in all cases the promoter sequences were verified by Sanger sequencing (from both sides of the
vector using primers seqintARG4fwd and seqEGFPrev).

CalB and HRP plasmids

CalB and HRP (isoenzyme A2A [[54]]) were seamlessly fused downstream of Paox1, Psap and Peari-sos-
We started from pPpT4_S [46] based vectors containing the CalB and HRP sequences. The vector
backbones were amplified using primers MFalpha-fwd and pILV5withoutBamHI-fwd. The promoters
were amplified using primers pILV5-pAOX1-Gib + pAOX1-Gib-MFalpha-ins (for P,ox;), pILV5-pCAT1-
Gib + pCAT1-Gib-MFalpha-ins (for Pcar;) and pILV5-pGAP-Gib + pGAP-Gib-MFalpha-ins (for Pgp). The
same primers could be used for the backbones and promoters for CalB and HRP since both are fused
to the identical mating factor alpha signal sequence). The entire vectors were confirmed by
sequencing.
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S2

S 2: List of promoters and primers used in this study.
e Sheet 1: Promoters

o Nomenclature/annotation
In several cases, the annotation used [37] did not follow standard abbreviations used
in other yeasts (e.g. the gene commonly known as PMP20 is in P. pastoris annotated

as PXR1). In these cases we used the commonly used literature names. In some cases
we suggest different gene abbreviations than provided in the annotation [37]:
Methionine sulfoxide reductase genes are abbreviated MXR1 and MXR2 in S.
cerevisiae, however in P. pastoris the methanol master regulation transcription
factor is also termed MXR1 [92]. To avoid confusions we suggest the abbreviation
‘MSR’ for methionine sulfoxide reductase genes in P. pastoris. Note also that there
are several MSR genes in P. pastoris; with some encoded proteins showing higher
identity to S. cerevisiae Mxrlp and others to Mxr2p. We have named them according
to these identities, in case of multiple paralogs we added the position on the
genome for differentiation (e.g. MSR1c3 [chromosome 3]). We assigned the names
SOD1 and SOD3 to additional genes coding for proteins showing high identity to S.
cerevisiae superoxide dismutase proteins.

o TATA box motif
The presence of the yeast TATA box consensus sequence (TATAWAWR [86]) is
indicated (positioning on the reverse strand is indicated by ‘rev’). The distance from
the start codon is given in bp.

o Primers
Primers used for amplifying the promoters are given. Most promoters were cloned
by TA cloning as outlined in the materials and methods section. In cases Gibson
assembly was used, the overhangs to the vector are underlined.

e Sheet 2: Primers for assembly of the reporter vectors

S3

S 3 Lists of genes differentially regulated in the microarray data.

Each sheet contains the data of the pairwise comparisons of two conditions (growth on glucose,
under derepressed conditions, on methanol and after glucose readdition; see also Fig. 2 A).
Significantly differentially regulated genes (p < 0.01) are shown.

Abbreviations:

COG: Clusters of Orthologous Groups of proteins [59]; COGCat: COG category; COGCatDesc: COG
category description; EC: Enzyme Commission number; GO: Gene Ontology term; log2FC: logarithm
to the basis 2, calculated for fold changes; Abslog2FC: absolute log2FC; P.Value and adj.P.Val:
probability values calculated from two biological replicates.
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S4

A

Condition Glucose Derepression Methanol Glucose readdition | Positive
Replicate 1 2 1 2 1 2 1 2| control
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S 4: Derepressed samples yield less aRNA for hybridizations.
A) Amplification yields of the amplified RNA (aRNA).

B) Capillary electrophoresis diagrams of aRNA, the different conditions glucose (G),
derepression (D), methanol (M) and glucose readdition (GR) are shown. Note the different
scales.
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Derepressed conditions yielded lower aRNA concentrations and showed altered -capillary
electrophoresis migration patterns compared to the other samples The initial total RNA isolation had
been normal regarding concentrations, purity and intactness (judged by capillary electrophoresis)
and also after fragmentation no differences to the other samples were observed (data not shown).
Derepression is equivalent to the stationary phase; therefore more mRNAs could have been
degraded in this phase, possibly shifting the ratio between mRNA and rRNAs thereby effecting aRNA
generation. The Affymetrix microarray platform includes multiple controls for normalization and
quality controls and the derepressed samples did not show any deviations from the standard quality
requirements. Even the lower aRNA vyields of the derepressed samples were in the range of the
positive control and more than sufficient to proceed with the protocol. Therefore we do not see a
clear reason to challenge these results, especially as repetition with related technology (RNAseq, RT-
gPCR) may run into similar limitations due to the reverse transcription and/or library generation step
required. Also in S. cerevisiae massive transcriptional changes upon the entry into [93,94] and exit
from [95] the stationary phase have been reported.

We also noticed the same effects on aRNA for additional three overexpression strains tested in
duplicates under derepressed conditions (data to be published elsewhere). All three strains showed
similarly low aRNA yields (strain 1: 44.00, 41.50ug; strain 2: 42.25, 44.0 pg; strain 3: 39.25, 25.50 ug).

S5

S 5: Genomic organization of the genes and promoter sequences used in the study and extended
discussion of differences between P. pastoris CBS7435 and GS115 strains.

e Description
10000 bp upstream and downstream of the start codon of the MUT genes from S 2 are
shown. All genes are shown in forward orientation, even if they are naturally encoded on the
reverse strand. The annotation of the P. pastoris CBS7435 strain was used [37], in case there
are notable differences also the annotation of the GS115 strain [36] is depicted.

e Extended discussion of differences between CBS7435 and GS115 strains
In some cases we noticed strongly diverging annotations between the CBS7435 [37] and the
GS115 [36] strain. The GS115 is a histidine auxotroph derived from the same strain as
CBS7435 (deposited in a different strain collection as NRRL-Y 11430) by nitrosoguanidine
mutagenesis. Therefore point mutations over the whole genome are to be expected, but

complete rearrangements of entire loci are unlikely. Accordingly, most differences
concerned annotations.

Note that every single pair of adjacently organized genes coding for isoenzymes is differently
annotated or sequence differences occur between CBS7435 and GS115: It has been
previously noted that the DAS1/DAS2 locus is flipped in the GS115 annotation [37]. In
addition the TAL1/TAL2 locus differs between the two strains: The TAL2 gene is in the
CBS7435 strain annotated longer than in the GS115 strain, with two introns in the 3’ end. In
CBS7435, RKI1 is annotated as single long gene, whereas in GS115 two shorter genes are
annotated (RK/1 and RKI2). In case of RPE1 and RPE2, large parts of the locus are missing in
the GS115 strain, leading to a complete lack of RPE genes from the GS115 annotation (as
discussed in the main manuscript).
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S6

S 6: Different promoter lengths tested have no clear effect on reporter gene fluorescence.
The indicated promoters were tested following the same protocol as for the measurements in Fig.
3A. For Peari692 and Pears-1000 Stable genomically integrated transformants were used.
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S 7: Full time series of DWP cultivations shown in Fig. 3 A. Additional time points measured are
shown in heat map format. Methanol induction was performed from 60 h on, as in Fig. 3 A.
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Chapter 3.2
Challenges and new opportunities by an autonomous replicating
sequence coupled with the CAT1 promoter of Pichia pastoris
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Abstract

The yeast Pichia pastoris is frequently used for heterologous protein production. Most commonly the
methanol inducible promoter of the alcohol oxidase 1 (P4ox:) gene was used for gene expression. The
promoter of the catalase 1 (Pcr;) gene has recently been reported to provide similarly tight
regulation solely by varying glucose levels. Here we show that an AT-rich stretch in the previously
used Pcar; sequence (692 bp) contains an autonomously replicating sequence (ARS) promoting
episomal plasmid propagation ambivalently affecting strain stability and protein yields.

For efficient heterologous gene expression in P. pastoris, expression cassettes are typically integrated
into the P. pastoris genome resulting in strains stable even under non-selective conditions. Episomal
plasmids were described to be lost upon growth under non-selective conditions. Removal of the ARS
by shortening Pcar; to 500 bp reduces background growth after transformation and increases strain
stability under non-selective conditions. However, when maintaining selective pressure, the one-
piece combination of an ARS and the strong CAT1 promoter in a single sequence enabled up to
seven-fold higher expression than genomic integration. Consequently, a truncated version of the
CAT1 promoter should be used for stable genomic integration, whereas the full length promoter
including the ARS can be used for efficient episomal expression under selective conditions. Due to
approximately 108-fold increased transformation rates and up to 3.5-fold less variability between
transformants compared to genomic integration, episomal Pc4r; plasmids are ideal tools for screening
large libraries for protein engineering or promoter studies.

Considering the frequency of ARSs in yeast (every 40-100 kbp), similar issues may also be faced in
other yeast species, especially when evaluating a larger number of any genetic elements.
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Introduction

Many industrially relevant proteins such as biocatalysts and also biopharmaceuticals are produced by
heterologous gene expression. The yeast Pichia pastoris has emerged as one of the most commonly
used microbial host systems for heterologous protein production due to its feasibility for high cell
density bioreactor cultivations, high secretory capacities and strong promoters [1,2]. Most commonly
the methanol inducible promoter of the alcohol oxidase 1 gene (Paox:) is used to drive expression of
heterologous genes [3]. Paox; is tightly repressed on carbon sources such as glucose and glycerol and
approximately 1000-fold induced by methanol. This tight regulation allows to separate cell growth
from heterologous protein production: At first P. pastoris is typically cultivated on glycerol to obtain
a high cell density and subsequently induced with methanol to initiate expression of the gene of
interest (GOI). Thereby even detrimental or toxic proteins can be produced. However, methanol is
toxic and flammable making its use especially in large scale bioreactors undesirable.

Recently we have characterized 45 promoters of the P. pastoris methanol utilization pathway [4] and
we have shown that the promoter of the catalase 1 gene (Pcar;) provides a distinct regulatory profile.
Pcar; is similar to Paoy; tightly repressed on glucose or glycerol, but does not absolutely require
methanol induction. Expression starts once the carbon source in the medium is used up
(‘derepression’ [5]) reaching approximately 30 to 40 % of the space time yields (depending on the
GOI) of methanol induced P,ox; in small scale cultivations [4]. Pcar: can also be induced with
methanol and oleic acid reaching similar expression levels as P,ox; at the end of a standard
cultivation procedure. The derepressed regulatory profile allows methanol-free production, as the
derepression phase can be maintained by feeding limiting amounts of glycerol or glucose in
bioreactors (demonstrated with synthetic P,ox; variants [5]).

However, we have encountered problems of background growth when transforming P. pastoris with
vectors containing Pcr; [4]: The majority of transformants were unstable resulting in loss of the
selection marker and expression of the GOI, severely complicating the use of Pears.

Here we show that removal of an AT-rich upstream sequence of P75, containing an autonomously
replicating sequence (ARS), reduces background growth after transformation by increasing strain
stability. Yet if used under selective conditions, the combination of P r; and its endogenous ARS
resulted also in up to seven-fold increased expression compared to genomic integration.
Furthermore transformation rates were ~108 fold increased and the transformants showed up to
3.5-fold more uniform expression suggesting the application of the one-piece combination of Pcar;
and its ARS for screening large libraries required for example in protein or promoter engineering.

Materials & methods

Strains, materials, media and cultivation conditions

For cloning and plasmid propagation an Escherichia coli Topl0 F’ strain was used. P. pastoris
transformations were mostly performed with the CBS7435 wildtype strain. The GUTI1
complementation plasmids [6] were transformed into a gutl knockout strain. Kits for plasmid
isolation, gel purification and enzymes for cloning were used as recently described [7]. Additional
Gibson assemblies were performed following standard procedures [8] using T5 exonuclease and Tag
DNA ligase from New England Biolabs (Ipswich, MA, USA) and Phusion polymerase from Thermo
Fisher Scientific (Waltham, MA, USA). Sanger sequencing was performed by LGC Genomics GmbH
(Berlin, Germany) and Microsynth AG (Balgach, Switzerland). Media were prepared as outlined by
Weis et al. [9], in short standard buffered minimal media with 1 % (w/v) glucose/dextrose (BMD) and
full media (yeast extract, peptone, 2% glucose; YPD) were used. Additionally also buffered minimal
medium with 1% (w/v) glycerol (BMG) was used [6]. The following antibiotic concentrations were
used: E. coli: LB-medium containing 25 pg/ml Zeocin, 50 ug/ml Kanamycin, 100 pg/ml Ampicillin; P.
pastoris: 100 ug/ml Zeocin, 300 pg/ml Geneticin. Zeocin selection in liquid minimal BMD media was
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attempted, but failed (presumably because of the pH or the high ionic strength). Therefore we used
full media for Zeocin and Geneticin selection experiments. Deep well plate cultivations were
performed as previously described [9], however no methanol induction was required for Pcsr; driven
expression and the protocol therefore stopped after growth on glucose. Shake flask cultivations were
performed in 250 ml baffled flask (25 ml BMD starting volume) with a starting ODgg of 0.05. The
flasks were induced after 48 h with 25 ml BMM2 (1% methanol v/v to achieve a final concentration of
0.5%) and after 12 h, 24 h after the first induction with BMM10 (5% methanol v/v) [9]. Glucose
concentrations were measured using a hexokinase method based kit (Glucose UV kit, DIPROmed
(Vienna, Austria)).

Plasmid construction

eGFP reporter gene constructs with different selection markers are based on the shuttle vectors
reported by Naatsaari et al. [6]. For Zeocin selection we used the restriction site free cloning (RSFC)
[10] vector pPpT4mutZeoMlyl-intArgd-eGFP-Bmristuffer previously reported [4] based on the
pPpT4_S vector [6]. Pcari-1000, Pcari-692 and Pearis00 VEctors were available from a previous study [4].
putARS-Pr; was cloned into the vector by replacing the stuffer fragment by Gibson assembly [8]
after PCR amplification using primers intARG4-pCAT1-764-Gib and eGFP-pCAT1-501rev-Gib (see
Supporting information Table S 1) and verified by sequencing.

The one piece combination of the ARS and Pcar; (Pcari-s92) Was also tested with alternative selection
markers Geneticin and gutl complementation [6]. For Geneticin selection, the resistance cassette of
the Zeocin vector was replaced with the Kanamycin/Geneticin cassette from pPpKan_S [6] (this
cassette confers resistance to Kanamycin in E. coli and Geneticin in P. pastoris). The GUT1 cassette
was amplified from pPpGUT1 [6] (glycerol complementation for P. pastoris, Ampicillin for E. coli).

The Zeocin based reporter vector containing Pcarie9» Was digested with BamHI and Pstl and the

backbones gel purified. The Kan/Gen resistance cassette was PCR amplified from pPpKan_S using
primers AOX1TT-BamHI-pILV5-Gibson+pUC-Ori-PstI-AODTT-Gibson and incorporated into the vector
backbones by Gibson assembly. The GUT1 cassette was amplified from pPpGUT1 using primers
AOX1TT-BamHI-pGUT1-Gibson and AmpR-GUT1TT-Gibson, the ampicillin cassette with primers
GUT1TT-AmpR-Gibson and pUC-Ori-AmpR-Gibson. The two PCR fragments were assembled with the
above mentioned BamHI| and Pstl backbone. In re-annotation efforts of the P. pastoris genome
(personal communication Glieder A.), the maximal open reading frame of the CAT1 gene is annotated
with an additional DNA stretch in the 5’end containing an intron and 14 additional N-terminal amino
acids. RNAseq data from two conditions (growth on glucose and methanol) do not provide evidence
for this additional stretch and support the previously annotated translational start. The cassette for
deleting the GUT1 gene in P. pastoris was generated by amplifying homologous sequences 5’ and 3’
of the CDS and cloning them into a circular plasmid (Pcil and Bglll digested backbone containing a
Zeocin marker cassette, Ahmad M. personal communication/unpublished results). Roughly 1000 bp
regions were selected to complement a Swal restriction site (for linearization and targeting
homologous recombination) and amplified with overhangs to the vector backbone (primers 3UTR-
GUT1-F-Gibson+3UTRGUTR and 5UTRGUTF+5UTR-GUT1-R-Gibson). The PCR fragments were joined
by OE-PCR and cloned into the vector backbone with Gibson Assembly. The PCR primers are listed in
Sé6.

Transformation, fluorescence and enzyme activity measurements and gut1
strain

Competent P. pastoris cells were prepared and transformed using the condensed protocol of Lin-
Cereghino et al. [11]. If applicable, plasmids were linearized with Swal and equivalent amounts to
one pg of the pPpT4_S vector transformed (as described in [4]), for circular plasmids 10 ng were
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transformed. To avoid contaminations of linearized plasmids with uncut circular forms, the
linearization reactions were loaded on agarose gels and the band corresponding to the linearized
form was cut and purified.

For LUHNL activity measurements cells were lysed with Y-PER according to the manufacturer’s
recommendations. In case of activity exceeding the linear range of the plate reader used, the
samples were diluted in 10-fold steps in citrate phosphate buffer (pH 5.0, 50 mM). Ten ul of the
lysate supernatants or dilutions thereof were used for the activity assay and mixed with 140 pl citrate
phosphate buffer (pH 5.0, 50 mM) and 10 ul of the substrate acetone cyanohydrin (300 mM)
dissolved in citric acid (100 mM). The samples were incubated for 10 min and subsequently 10 pl of
100 mM N-chlorosuccinimid and 1 M succinimide were added to stop the reaction (incubated for
5 min). Thirty ul of barbituric acid (125 mM) and isonicotinic acid (65 mM) in 0.2 M NaOH were
added for color development (measured at 600 nm for 10 min). A calibration curve with potassium
cyanide (KCN) in a range of 0.025 to 0.2 mM was used to determine the absolute activities.

MeHNL activity was determined after aforementioned cell lysis using a mandelonitrile cyanogenesis

assay described in literature [12] using a final mandelonitrile concentration of 15 mM.

eGFP fluorescence (ex./em. 488/507 nm) and absorption (600 nm, OD600) were measured and
normalized using a Synergy MX plate reader (Biotek, Winooski, VT, USA) as outlined previously [7].
The gutl knock-out strain reported previously [6] was achieved in a ku70 knockout strain. We aimed
to use the wildtype strain background and created a gutl knockout following a similar strategy as
Naatsaari et al. [6]. The strain was identified by screening transformants obtained on YPD+Zeo media
for abolished growth on glycerol.

Results
Mapping the ARS region of Pcar:

Expression cassettes are typically integrated into the P. pastoris genome resulting in strains stable
even under non-selective conditions [1,2]. We hypothesized that the instability of Pcir; bearing
plasmids [4] may be related to problems with genomic integration. The Pqr; length previously used
was selected upstream from the start codon of the CAT1 gene up to the end of the adjacent gene
LCP5, resulting in a 692 bp fragment (Pcari692; Fig. 1 A).

We analyzed the promoter sequence and noticed an AT-rich stretch in the 5’ end of Pcars.s9, probably
serving as a terminator sequence of the LCP5 gene (Fig. 1 A). Shortening the promoter to 500 bp
length (Pcari-500) removes the AT-rich stretch and had increased strain stability [4]. AT-rich sequences
are a common trait of transcription terminators and ARSs [13]. Recently ARSs of P. pastoris have
been mapped by a high-throughput screen [14] based on deep sequencing (ARS-seq. [15]). Liachko et
al. [14] thereby identified an ARS in Pc4r; and mapped the functional core to a 388 bp fragment (Fig. 1
A).

We cloned different fragments of Pcr; into a vector containing an enhanced green fluorescent
protein (eGFP) reporter gene to test if this ARS in Pgr; is causing the strain instabilities and
background growth (small colonies loosing expression over time). Pcari-1000 Pearis92 and Pearisoo
provide different lengths of the promoter, a short AT-rich stretch of 264 bp was selected as putative
ARS of Pcar; (pUtARS-Pcar:), 30 % shorter length than the functional core of Liachko et al. (Fig. 1 A).

P. pastoris cells were transformed with both circular and linearized forms of these vectors (Fig. 2 A).
Linearization of plasmids results in highly recombinogenic DNA ends which drastically increase
genomic integration rates compared to the circular form in yeast [16]. Standard P. pastoris vectors
do not contain ARSs and cannot replicate episomally. Therefore transformation of cells with the
circular form of the empty vector as control did not give any colonies (Fig. 2 A). Transformation with
the circular forms of Peariio0a Pearieo2 and the short putARS-Pr; sequence did however show
pronounced growth, whereas Pcris00 did not show any growth. Transformations with linearized
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forms of the plasmids resulted in transformants for all plasmids. These results confirm the function of
the AT-rich stretch of Pcsr; as ARS.

Transformants with stable genomic integration of any promoter length tested showed identical
reporter fluorescence (Fig. 1 B, Fig. 3 A), suggesting that the ARS is not affecting the strength of Pears.
Also the regulatory profile (repression/derepression/induction) was not affected, as demonstrated
by comparing the three different promoter lengths in a time series (Fig. 1 B). As these sequences
behaved identically, we conclude that the ARS is not required for the transcriptional regulation of
Pcar; by any means tested so far.

Vectors bearing the ARS of Pcar: can replicate episomally even after
linearization

For transformations with linearized ARS containing sequences (Pcari-1000 Pcari-692 and putARS-Pcar:)
two distinct types of colonies could be noticed: Big colonies (of similar size as the empty vector
control and Pcari.500) and smaller colonies (Fig. 2 A). If the cells are incubated longer, the difference
between the colonies gets less pronounced, suggesting different growth rates (data not sown).
Initially we had not paid attention to the different colony sizes, and noticed strain instabilities when
these transformants were further cultivated. Now we reasoned that the small colonies may be
episomal, non-genomically integrated versions of the vectors, similar to transformants of the circular
plasmids.

To prove this hypothesis, big and small colonies of the constructs were grown in liquid culture in 96
well deep well plates under selective (YPD+Zeocin) and non-selective conditions (YPD) and
subsequently stamped to selective and non-selective media (Fig. 2 B). Big colonies of any construct
showed uniform growth independent of the cultivation conditions with sizes comparable to colonies
of the empty vector. Small colonies showed identical growth to big colonies on non-selective media.
But if small colonies were transferred from non-selective media to selective media, they showed
weak growth similar to circular plasmids. This would be the expected outcome for episomal plasmids:
Under non-selective conditions the plasmids are not efficiently propagated and only maintained in a
subset of the cell population, resulting in weaker growth. If the small colonies or circular plasmids are
pre-grown under selective conditions, plasmid loss is depending on the experimental conditions:
Either less severe than under non-selective conditions (Fig. 2 B) or completely rescued (S 2), fully
restoring growth under selective conditions.

Since stamping from liquid culture involves a mixed population of cells, we streaked big and small
colonies from linearized Pcari-692 and also colonies from a circular transformation on selective and
non-selective agar plates. Subsequently single colonies were picked and streaked on selective media
(Fig. 2 C). As expected, big colonies maintained growth under any condition (identical to Pcari.500)
whereas small colonies and circular plasmids lost the ability to grow on selective media when
precultivated under non selective conditions.

From these results we conclude, that big colonies contain stably integrated cassettes in the genome,
whereas small colonies bear episomally replicating plasmids, providing an explanation for stability
issues observed previously. This effect is not specific for selection with Zeocin but occurred also with
Geneticin (S 3) and auxotrophy complementation of a glycerol auxotrophic gutl knockout strain.
Note that the empty vector and Pcari500 are only showing tiny additional colonies (Fig. 2 A). Even if
the plates are incubated for a longer time these colonies do not increase in size and also do not grow
if streaked again on selective media (data not sown). Since transformation of circular forms of the
empty vector and Pcari.s00 are not showing any growth, we assume that the tiny colonies are not
related to ARSs and caused by a different phenomenon.

The ARS of Pcar: enables high episomal expression under selective pressure
Besides the stamping experiments of Fig. 2 B, also the fluorescence of the eGFP reporter was
measured from the different lengths and colony sizes of Per; (Fig. 3 A). Surprisingly, small and big
colonies showed similar reporter fluorescence when cultivated under non-selective conditions,
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suggesting that effect of the plasmid loss observed in Fig. 2 B, C is not severely affecting reporter
protein fluorescence upon growth in deep well plates in full media. However, strains bearing
episomal plasmids (linearized small colonies, circular) showed on selective media a five-fold higher
reporter protein fluorescence than under non-selective conditions or compared to genomic
integration (any big colonies, Pcari.s00) (Fig. 3 A). This effect was even more pronounced with a
different selection marker (Geneticin) leading to a more than seven-fold increase (Fig. 3 B).

These results suggest that the episomally replicating plasmids under selective pressure are simple
tools for increasing expression.

Despite increased yields, it would be in most cases economically unfeasible to maintain selective
pressure in larger scale cultivations using Zeocin or Geneticin, two relatively expensive antibiotics.
Therefore we aimed to combine the ARS with selection by auxotrophy. Hereto, we used a glycerol
kinase 1 (gutl) knock out strain unable to metabolize glycerol and transformed this strain with
complementation plasmids containing the wild-type GUT1 gene [6] and Pcari.69, driving expression of
the eGFP reporter gene. Since Pcarigs; and Pearizoo Showed identical behavior with Zeocin,
alternative selection markers were only tested with the shorter Pcarigg,. Similarly to Zeocin or
Geneticin driven expression, we obtained also a more than 4.4-fold increased reporter protein
fluorescence under selective conditions (glycerol as sole carbon source) (Fig. 3 C), proving that also
auxotrophy based selection is suitable to strongly increase expression from episomal plasmids.
Therefore the combination with a carbon source auxotrophy gutl marker allows even cost efficient
scale up.

We had previously especially noted instability issues when re-cultivating Pcar; ARS containing
plasmids from glycerol stocks. Therefore we used a glycerol stock of the cultivations shown in Fig. 2 B
and Fig. 3 A to inoculate selective and non-selective media (S 2). Plasmid loss from these cultures
inoculated from the glycerol stocks by stamping assays on selective media was even more severe
than from direct inoculation (S 2 A vs. Fig. 2 B). Interestingly, in this case also the fluorescence of
plasmid bearing constructs strongly decreased under non-selective conditions, suggesting almost
complete plasmid loss (S 2 B vs. Fig. 3 A). These results imply that the ARS plasmids are more prone
to loss under stress conditions such as freezing and re-cultivation.

The combination of Pca7; and its endogenous ARS provide a screening
system with improved transformation rates, increased yields and higher
landscape uniformity

Transformation efficiencies of the circular ARS plasmid were on average 108 fold higher than using
linearized expression cassettes needed for genomic integration (Tab. 1). High transformation
efficiencies are needed when performing protein engineering and screening large random libraries of
variants. However, such screening systems must not add additional bias to the results. Differences
between variants should solely arise from mutations in the gene of interest and not because of
different copy numbers or integration events. We tested the episomal Pcyr; plasmid for the
expression of biocatalysts (hydroxynitrile lyases from Manihot esculenta [cassava; MeHNL] and Linum
usitatissimum [flax; LuHNL]). We screened a larger number of transformants to compare the
uniformity of the expression landscape of episomal replication (Pcari.s9,) and genomic integration
(Pcari-s00) (Fig. 4). As for the eGFP reporter gene (Fig. 3), also MeHNL and LuHNL expressed from
episomal plasmids under selective pressure showed increased expression compared to genomic
integration (3.5 and 4.9 fold comparing the mean values of the whole landscapes). Therefore the
beneficial effects of the easy to fold and maintain eGFP could also be reproduced for more complex
enzymes. Due to higher transformation efficiencies, considerably lower amounts of the plasmid (10
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ng) could be used to achieve similar numbers of transformants of linearized cassettes. In addition no
restriction endonuclease digestion and purification/desalting steps are needed for the ARS plasmids
shortening experimental time and reducing costs.

The episomal Pgr; plasmid resulted also in up to 3.5-fold more uniform expression than genomic
integration (comparing the standard deviations in percent). For MeHNL, the transformant with the
highest activity from genomic integration reached similar activity as average ARS transformants. For
LuHNL the best genomically integrated transformant reached only activity comparable to the worst
episomal transformant. Some genomically integrated transformants did not show any detectable
activity, while all episomal transformants were active. Clonal variability of genomic integration is
known for P. pastoris [17] and may be attributable to differences in copy number or the locus of
genomic integration. P. pastoris has lower rates of homologous recombination than Saccharomyces
cerevisiae and linearized cassettes integrate at rates between less than 0.1 % up to 30% [6]. We used
relatively high amounts of linearized DNA (3.5 pg) to obtain also multi copy strains, which may lead
to a higher variability of the landscape. To this end we transformed also lower amounts of plasmid
typically resulting only in single copy integration. However, the landscape uniformities were only
marginally improved (S_5). In addition the use of larger amounts of DNA for transformation is
preferable in order to obtain libraries with high numbers of individual transformants. Several
transformations have to be done and transformants need to be pooled if low amounts of DNA are
employed.

We tested the ARS system also for secreted proteins, that are difficult to fold: Candida antarctica
lipase B (CalB) and horseradish peroxidase (HRP). The beneficial effects observed for episomal,

intracellular MeHNL and LuHNL expression were not reproducible with CalB and HRP (S 6), possibly

owing to secretion saturation [18] or unfolded protein response (UPR)/ endoplasmic-reticulum-
associated protein degradation (ERAD) caused by the strong overexpression from the episomal
plasmids under selective conditions.

Discussion

Here we have shown that removal of an ARS in Pcy; reduces background growth after
transformation and increases strain stability under non-selective conditions. If selection pressure is
maintained, e.g. using auxotrophy complementation (gut1), the combination of P47, and its ARS is a
powerful tool enabling increased expression, higher transformation efficiencies and reduced clonal
variability.

Therefore two distinct promoter sequences should be applied for different purposes:

On the one hand, the short Pcaris00 can be used to obtain solely genomic integration resulting in
strains stable under non-selective conditions. On the other hand, plasmids containing also the Pcry
ARS (e.g. Pcari-s92) can be transformed in a circular form. These plasmids need not to be linearized
and the transformation efficiencies are increased ~108-fold compared to linearized plasmids.
Selective pressure is required for plasmid maintenance, resulting in up to seven-fold higher reporter
protein fluorescence than from a cassette integrated in the genome. Therefore the full length ARS
Pcar: promoter can also be used as a fast screening system.

Notably, the effects of the ARS and background growth varied between selection markers used.
Using Zeocin selection, big and small colonies could be easily discriminated (Fig. 2 A) whereas for
Geneticin it was difficult to distinguish between big and small colonies (S 3), presumably due to less
stringent selection than Zeocin. Since small colonies are on Zeocin vastly outnumbering big colonies
(Fig. 2 A), we assume that they consist the majority of colonies picked from Geneticin. Even when
trying to pick big colonies with genomic integration, we have apparently picked only one big colony
and the rest episomally replicating colonies for Peari.605. Therefore the high standard deviations of
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Fig. 3 B are caused by the failure of properly selecting big and small colonies. In this case the values
of the single measurements of each transformant are shown.

We would have initially expected that background growth and instability issues associated with ARSs
can be resolved by linearization, as typical yeast ARS plasmids are circular. However, also for
linearized ARS plasmids, the majority of transformants contained episomally replicating elements,
lost under non-selective conditions. There are two possible explanations for this issue: On the one
hand the plasmids could have been incompletely linearized prior to transformation, still leaving some
circular molecules. We can reasonably rule out this explanation, as the linearized plasmids were run
on an agarose gel and only the band of the correct size cut out and purified. On the other hand the
plasmids could be replicating linearly, especially as P. pastoris is known to contain naturally a linear
plasmid [19]. If and how telomere regions are added, may be a topic for future studies.

Interestingly, the ARS in Py is right after the adjacent gene LCP5 (Fig. 1), suggesting that it also acts
as transcriptional terminator region of this gene. In S. cerevisiae cases have been reported where
terminators and ARSs overlap [13], presumably as similar sequence features may be needed for both
tasks. This also highlights the tight organization of the P. pastoris genome, with regulatory features
such as a terminator, an ARS and a promoter overlapping within less than 700 base pairs.

Typically genomic integration is the method of choice to express heterologous genes in P. pastoris
[1,2]. Episomal plasmids have been, apart from very early efforts [20], seldom been used in P.
pastoris. Recent efforts were based on Zeocin selection and separate ARS and promoter sequences
[21-24]. Only one study [24] reported a beneficial effect of an episomal plasmid over genomic
integration. The one piece combination of Pcr; and its ARS led consistently for all intracellular
proteins and markers tested to a 3.5 to 7-fold increased expression compared to genomic
integration. We presume that this increase in expression is caused by copy number amplification of
the ARS plasmid as previously observed in S. cerevisiae ([25]).

Expression from genomic integration can also be increased by integrating multiple copies of the
vector, however typically only a small subset of transformants exhibits high copy numbers (Fig. 4 B,D)
requiring tedious screening [18]. However all transformants of the ARS Pqr; based system grown
under selective conditions showed uniformly high expression.

In conclusion, the truncated Pcari.500 Missing the ARS should be used for stable genomic integration,
whereas the full length promoter (e.g. Pcari.s92) can be used for extra-chromosomal expression under
selective conditions. If similar instability problems should be faced with other sequences such as
promoters and terminators, we suggest transforming the circular plasmid to rule out presence of an
ARS as the cause.

Considering the frequency of ARSs in yeast (in S. cerevisiae every 40-100 kbp [26]), similar issues may
also occur in other host systems, especially when evaluating a larger number any of genetic elements
(promoters, terminators, random libraries). Therefore this work may not only be relevant for the
application of Pgr; in P. pastoris, but also for resolving similar issues with ARSs in other organisms.
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Fig. 1: The upstream region of the CAT1 gene contains an AT-rich ARS which does not affect regulation or expression
strength.
(A) The genomic locus of the P. pastoris CAT1 gene is shown with gene annotations based on the sequencing of the

(B)

CBS7435 strain [19]. An ARS identified by high throughput deep sequencing (ARS-seq) by Liachko et al. [14] is shown.
The AT content was calculated with a sliding window of 50 bp using BitGene
(http://www.bitgene.com/cgi/gene analysis.cgi). The promoter sequences (Pcari-1000 Pcari-s92 and Pcari-s00) and the
putative ARS of Pcar; (PUtARS-Pcars, selected based on AT content) used in this study are indicated.

The promoter lengths indicated were cloned upstream of an eGFP reporter gene and stable genomic P. pastoris
transformants cultivated in shake flasks. Reporter protein fluorescence, ODgy and glucose concentrations were
measured at the time points indicated. Mean values and standard deviations of biological triplicates shown. Cultures
were induced with methanol after 48 h. At 0 h the flasks were inoculated to an ODgp, of 0.05 and first measurements
performed when the exponential growth phase was reached. The x-axis is broken between 1 and 14 h.
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Fig. 2: The ARS of P¢,r; causes background growth and is unstable under non-selective conditions.

(A) Photos of agar plates after transformation of P. pastoris cells with circular or linearized plasmids containing the
indicated lengths of Pc,r;. The empty vector control is the unmodified pPpT4_S vector [6] not containing Pcsr;. The circular
plasmids showed higher transformation rates, therefore only 10 ng were transformed and the whole transformation
reaction plated. For linear plasmids, one pg was transformed and one fifth of the transformation reaction plated.

(B) Evaluating plasmid stability by determining growth on selective (YPD+Zeo) and non-selective (YPD) media from liquid
culture. Four colonies of transformants (T1-T4) of the indicated plasmids and colony sizes were inoculated in liquid culture
under selective (YPD+Zeo) and non-selective (YPD) conditions for 60 h and subsequently stamped (diluted 1:1000) on
selective and non-selective agar plates. The empty pPpT4_S vector is included as control for stable genomic integration, the
wildtype strain to test Zeocin selection.

(C) Stability of single colony separated transformants under selective and non-selective conditions. Single colonies from
four transformants (T1-T4) of Pcari.692 (as a representative ARS containing plasmid) and Pcari-sgo (ARS free control) were re-
streaked on selective (YPD+Zeocin) and non-selective conditions (YPD). Subsequently single colonies were streaked
adjacently on selective media to monitor plasmid loss by growth (photos after 48 h incubation at 28°C). In case of Pcary.692
transformants of linearized vector (big and small colonies) and circular plasmid were used.
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Fig. 3
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Fig. 3: Episomal replicating plasmids containing the ARS of P.,r; show increased expression under
selective pressure compared to genomic integration.

Reporter protein fluorescence of the indicated plasmids and colony sizes was measured with the
selection markers (A) Zeocin (B) Geneticin and (C) GUT1 complementation. The strains were grown in
selective (YPD+Zeo/Gen; BMG [buffered minimal glycerol] and non-selective (YPD, BMD (buffered
minimal dextrose)) media for 60 h (see also Fig. 2 B). The empty vector controls are: for Zeocin
pPpT4_S, for Geneticin pPpKan_S, and for glycerol auxotrophy pPpGUT1 [6]. For GUTI
complementation selection, also the auxotrophic parental strain was included. Mean values and
standard deviations of seven different transformants are shown. “*’: In case of Geneticin selection,
barely any growth differences were noticeable between colonies (see photos in S 3), therefore the
big and small colonies indicated are only putative. Due to the high standard deviation, for putative
big colonies of Pcari.692 0n Geneticin, also the fluorescence value of each single transformant is shown
as aninlet.
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Fig. 4
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Fig. 4: The combination of the CAT1 promoter and its endogenous ARS gives up to 4.9-fold higher yields for the
biocatalysts MeHNL and LuHNL and the transformants show up 3.5-fold more uniform expression.

MeHNL (A,B) and LuHNL (C,D) were expressed from a circular plasmid bearing the Pcarisoz + ars
combination (A,C) or a linearized plasmid bearing Pcaris00 (B,D). MeHNL and LuHNL activity were
measured after growth under selective conditions (glycerol) for 60 h using. Forty-two transformants
were compared per construct after growth in 96 well deep well plates on glycerol for 60h. The mean
value (MV) and standard deviation (SD) of all transformants per construct are shown on the left side
of each panel. The SD is also provided as percent of the MV. See S 4 for similar experiments using
Zeocin as marker.

Tab. 1

Tab. 1: Pc,7r5-ARS plasmids show in P. pastoris approximately 100 fold higher transformation efficiencies than linear
cassettes targeting genomic integration. Ten ng of the circular ARS plasmids Pcari1.62 and approximately 1 ug of the Pcati-s00
plasmids (linearized to target genomic integration) were transformed. Transformation efficiencies were calculated as colony
forming units (cfu) per ug DNA. Mean value and standard deviations of quadruplicates for ARS and genomic integration
were calculated.

;);‘;(ren(i)cfi Circular ARS (PcaTi-692) Genomic integration (Pcati-s00)

Marker GUT1 Zeocin GUT1 Zeocin

GOl MeHNL | LuHNL | MeHNL | LUHNL | MeHNL | LUHNL | MeHNL | LUHNL
Transformation

efficiency 27500 | 40800 | 11900 | 88400 404 162 467 528
(cfu/pg DNA)

MV+SD 42150 + 33018 390 + 160
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Supporting information

S1

S 1: Primers used in this study.

Name

Sequence

intARG4-pCAT1-764-Gib

gttagtagatatttataccattctgcgagaaggtcctaaaagtgcgaggaagaataaaaatactgcttc

eGFP-pCAT1-501rev-Gib

agtgaaaagttcttctcctitgctagccatcgtagaaaaaaatgtggtgaaacagtticataagagttatatac

AOX1TT-BamHI-pILV5-Gibson

cagaagattaagtgagaccttcgtttgtgcggatccticagtaatgtcttgtttctittgttgcag

pUC-Ori-Pstl-AODTT-Gibson

ctacggggtctgacgctcagtggtacctgcagctaaggtaatcagatccaagtttccccaate

AOX1TT-BamHI-pGUT1-Gibson

cagaagattaagtgagaccttcgtttgtgcggatccataccgaaaggtaaacaacttcggggaattg

AmpR-GUT1TT-Gibson

ggcgtatcacgaggccctitcgtctgccagagcetgtcacatacttgaaatagggttg

GUT1TT-AmpR-Gibson

caaccctatttcaagtatgtgacagctctggcagacgaaagggcctcgtgatacgec

pUC-Ori-AmpR-Gibson

gatcttttctacggggtctgacgctcagtaacgaaaactcacgttaagggattttggte

3UTR-GUT1-F-Gibson

cctggccttttgctggecttitgctcagagcagctgtaattatattatcatgttaggtca

3UTRGUTR

gtgtttgctgtaggatgacctagatttaaatataagaggaaacaacgttcgtatcgtga

S5UTRGUTF

cacgatacgaacgttgtttcctcttatatttaaatctaggtcatcctacagcaaacacc

5UTR-GUT1-R-Gibson

ctaagatacgttccgttcctatagtagatatatctgtggtatagtgtgaaaaagtagaag
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S 2: Effects of plasmid loss are even more severe when inoculated from glycerol stock.

(A) The same experiment as shown in (Fig. 2 B) was repeated with inoculation from 96 well glycerol
stocks. Glycerol stocks in 96 well microtiter plates of the YPD cultivations shown in Fig. 2 B and Fig. 3
A were used to inoculate selective (YPD+Zeo) and non-selective (YPD) media. Therefore the same
transformants (T1-T4) shown in Fig. 2 B of the indicated plasmids and colony sizes were used. After
cultivation for 60 h the cultivations were diluted 1:1000 and stamped on selective and non-selective
agar plates. The empty pPpT4_S vector is included as control for stable genomic integration, the
wildtype strain to test Zeocin selection.

(B) Fluorescence measurements of the cultivations described in panel A, identical to Fig. 3 A except
being inoculated from glycerol stocks.
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S3

Pcari-1000 Pcari-692 empty vector

S 3: Geneticin as selectin marker shows similar results as Zeocin, yet it is difficult to discriminate
between big and small colonies.

The same experiment as shown in (Fig. 2 A) was repeated with plasmids bearing a resistance cassette
against Geneticin. Photos of agar plates after transformation of P. pastoris cells with circular or
linearized plasmids containing the indicated lengths of P The empty vector control is the
unmodified pPpKan_S vector [6] not containing Pcr;. Non episomally replicating plasmids (Pcari-so0,
empty vector) showed lower transformation rates with Geneticin, than with Zeocin (compare to Fig.
2A).
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S 4: MeHNL tested with Zeocin instead of GUT1 selection shows similar results. Mean value of activity with ARS is about
3.9 times higher than genomic integration. Same experiment as Fig. 4, except the plasmids contained a Zeocin resistance
gene and the cultivation was performed in YPD-Zeo full media. We also attempted selection in minimal BMD media with
Zeocin, but also the untransformed wildtype strain showed growth (presumably due to the pH or high salt concentrations
being unfavorable for Zeocin selection). We assume that the use of full media led also to higher activities compared to BMG
minimal media used in Fig. 4. LuHNL was also tested with Zeocin selection on full media supplemented with zinc sulfate.
However no clear activity was detected (data not shown). We presume that these negative effects were caused by the
combination of zinc supplementation and zeocin selection. In similar experiments under derepressed conditions excess of
heavy metals also abolished LuHNL activity (unpublished results). LUHNL expression on minimal media using the GUT1
marker (Fig. 4C,D) was possibly successful as no additional Zeocin stress was present and the minimal media may contain
less zinc.
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S 5: Reducing the DNA amount of linearized Pc,7;.500 plasmids to approximately 1000 ng marginally improved landscape
uniformity for MeHNL (A) and LuHNL (B) activity (compare to Fig. 4 B,D). Same experiment as in Fig. 4 except only
amounts equivalent to 1000 ng of the pPpT4S vector [6] were transformed. Landscape uniformities are changed for MeHNL
from 88% percental standard deviation (Fig. 4 B) to 57% (A) and for LUHNL from 69% (Fig. 4 D) to 76 % (B). Further reducing
the DNA amounts transformed may lead to uniformity improvements at the cost of further reduction of transformants
numbers.
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S 6: Increased yields observed with Pc,r,+ARS driven expression of intracellular proteins GFP, MeHNL and LUuHNL were
not reproducible for secreted proteins CalB (A) and HRP (B), possibly owing to secretion saturation UPR/ERAD
upregulation or lack of nutrients in the derepressed phase. Mean value and standard deviations of the volumetric activity
of 14 transformants measured after 60 h growth on the respective media are shown. It has previously been shown that
multicopy strains of CalB [27] even show reduced activities compared to single copy if expressed without helper proteins.
Similar effects were also noticed for HRP (Krainer F.W. et al. manuscript in preparation/personal communication). Since we
used the derepressed expression from P4, for production of CalB and HRP, another explanation would be that the cells,
depleted of nutrients, could not provide energy to secrete high amounts of CalB and HRP.
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Chapter 3.3

Orthologous promoters from related methylotrophic yeasts for

protein expression in Pichia pastoris
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Abstract

Methylotrophic yeasts such as Pichia pastoris (Pp), Hansenula polymorpha (Hp), Candida boidinii (Cb)
and Pichia methanolica (Pm) are widely used protein production platforms in biotechnology.
Typically strong, tightly regulated promoters of their methanol utilization (MUT) pathways are used
to drive heterologous gene expression. Despite the highly similar genes in the MUT pathways of the
four yeasts, the regulation of the promoters varies strongly. While Pp MUT promoters remain tightly
repressed on glycerol and after depletion of a repressing carbon, Hp, Cb and Pm MUT promoters are
derepressed to up to 70 % of methanol induced levels, enabling methanol free production processes.
Here, we have tested six orthologous promoters from Hp, Cb and Pm in Pp. Three promoters (Pcyaop1,
Pommion1, Pemmonz) did not show any activity and Pgyrp; reached weak expression. The promoter of the
HpMOX gene reached about the same expression levels as the methanol state of the art promoter of
the Pp alcohol oxidase 1 gene (Ppyaox1). The promoter of HpFMD reached methanol-free/derepressed
up to 75 % of methanol induced Pp,a0x; and reached similar levels to the strong constitutive Pp GAP
promoter. Upon methanol induction Pypeyp in Pp even surpassed Ppyaox; Up to two-fold.

Our results demonstrate that orthologous promoters from related yeast species can give access to
otherwise unobtainable regulatory profiles and may even considerably exceed endogenous
promoters.

Introduction

Recombinant proteins such as biopharmaceuticals or industrially relevant biocatalysts are most
commonly produced by heterologous gene expression in microorganisms. Escherichia coli,
Saccharomyces cerevisiae and filamentous fungi have been widely used expression hosts since the
advent of recombinant protein production. Over the last two decades, the methylotrophic yeasts
Pichia pastoris (Pp), Hansenula polymorpha (Hp), Candida boidinii (Cb) and Pichia methanolica (Pm)
have emerged as powerful alternatives, enabling high cell density fermentation and secretion of
heterologous proteins [1-3]. Amongst these four yeast species, P. pastoris is most commonly applied
for heterologous protein production, even surpassing S. cerevisiae according to a recent literature
survey [4].

All methylotrophic yeasts offer tightly regulated, strong promoters that are naturally regulating the
expression of genes involved in methanol utilization (MUT) [3]. Typically all promoters of MUT genes
are firmly repressed on repressing carbon sources such as glucose and get strongly upregulated when
shifted to methanol. However, derepression effects vary considerably between species [3] and even
within the same organism [5]. Derepression leads to activation of the promoter when the repressing
carbon source is depleted or when a non-repressing carbon source is present. The promoter of the
alcohol oxidase 1 gene in P. pastoris (Ppyaox1) is under derepressed conditions only expressed to 2-4 %
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of methanol induced levels [6]. In contrast, the promoter of the orthologous gene (named
differently: methanol oxidase, MOX) in H. polymorpha (Pypmox) shows derepressed expression up to
70% of methanol induced levels. Also the promoters of the orthologous genes in C. boidinii (alcohol
oxidase 1, abbreviated AOD1) and P. methanolica (methanol oxidase 1/2, abbreviated MOD1/2) show
derepression up to 70 % of methanol induced levels [3]. Note that the alcohol oxidase/methanol
oxidase genes fulfilling the same function were assigned different three letter abbreviations in all
four yeasts. We keep these identifiers in addition to the prefixes Pp, Hp, Cb and Pm to differentiate
between the organisms.

Induction with toxic and flammable methanol is especially in large scale production processes
unwanted due to safety issues making strong derepressed promoters a favorable alternative. Lately,
also Pppaox; variants [7], alternative promoters [8] and novel MUT promoters [5] showed
derepression to varying extents in P. pastoris making them sought-after expression tools enabling
methanol free processes.

Recent studies in metazoans [9] and yeast [10] showed that orthologous, highly divergent promoter
sequences from different species can achieve similar expression. The promoters of the genes coding
for orthologous ribosomal proteins in various yeast species, showed high expression conservation in
S. cerevisiae [10]. We hypothesized that also different MUT promoters of related methylotrophic
yeasts may show some extent of conservation as demonstrated previously by Raschke et al. [11] for
the Pppaoxz in H. polymorpha.

Here we have tested commonly used MUT promoters from Hp, Cb and Pm in Pp and some of these
promoters performed surprisingly well even outperforming Pp endogenous promoters.

Results

We selected six heterologous promoters of the HpFMD, HpMOX, CbFLD1, CbAOD1, PmMOD1 and
PmMOD2 genes for testing in P. pastoris. The promoters were compared to state of the art
benchmark promoters in P. pastoris, the methanol inducible P4ox;, constitutive Pgsr and
derepressed/methanol inducible Pcar;. The orthologous promoters were PCR amplified from genomic
DNA and cloned into a reporter vector previously established for promoter comparisons in P. pastoris
[5]. The promoters were seamlessly fused to the enhanced green fluorescent reporter gene (eGFP),
(i.e. maintaining the natural transition of promoter to start codon without additional restriction sites
or linker sequences in between). Sequencing showed that the promoter sequences contained minor
differences compared to sequences previously reported (S 2). These differences are possibly arising
from the use of genomic DNA from Hp, Cb and Pm strains from different strain collections than
previously reported as PCR templates (see Materials and Methods section).

When transforming the plasmids into P. pastoris, we noticed seemingly higher transformation rates
of the plasmid bearing Pya0p:. We had previously experiences similar problems with an autonomous
replicating sequence (ARS) in P. pastoris Pcir; (Vogl T. et al., unpublished results, [12]). Further
experiments showed that also the highly AT-rich ChbAOD1 promoter sequence acts as an ARS in P.
pastoris (S 3). Surprisingly the linearized plasmid bearing Pcya0p; Showed higher transformation rates
than the most commonly used P. pastoris ARS (ARS1 [13]). Further experiments may help to find an
explanation for this effect and may show if Pga0p; bearing plasmids are also stably maintained and
allow higher expression levels than P. pastoris endogenous ARSs [14].

3/10
104



P. pastoris transformants of plasmids bearing CbAOD1, PmMOD1 and PmMOD2 promoters did not
show any reporter protein fluorescence (Fig. 1A). Pcyrp; Showed repression on glucose and weak
methanol inducible expression of about 10 % of Ppyuox;. Both H. polymorpha promoters tested
maintained their natural regulation and showed repression, derepression and methanol induction
profiles (Fig. 1A,B). The HpMOX promoter showed weak derepressed reporter protein fluorescence
and reached similar reporter protein fluorescence on methanol as Ppyaox:;. The HpFMD promoter
showed derepressed expression outperforming the constitutive Pp,cap and reaching approximately
75 % of the methanol induced Pppa0x;- Derepressed expression from Py,evp exceeded reporter protein
fluorescence of the strongest derepressed endogenous MUT promoter from P. pastoris (Pcar;) about
3.5 fold. These derepressed expression levels of P.,mp are similar to glucose regulated inducible
promoters described by Prielhofer et al. [8]. Upon methanol induction Py, even outperformed
Pepaox: about two-fold. However, in deep well plate cultivations (Fig. 1A) Pyprvp Seemed to give also a
very weak signal under glucose repressed conditions, hinting constitutive activity. Expression from
the Pupmox and P. pastoris Paox; and Pcar; was undetectable. We repeated the experiments in shake
flasks measuring also glucose levels (Fig. 1B). Pu,rp showed again weak constitutive expression
before glucose depletion. This result may suggest that the exceptional strength of Pyymp (clearly
outperforming even P. pastoris endogenous promoters) is at the expense of less tight regulation.
However, constitutive activity of Pupevp is less than 1 % of fully induced levels, showing still induction
over two logs.

We were interested if the exceptionally strong expression of Py,ep could also be reproduced with
other proteins than eGFP. Therefore the Pu,mip promoter was cloned upstream of the coding
sequence of secretory proteins horseradish peroxidase (HRP) and Candida antarctica lipase B (CalB)
and the intracellularly expressed hydroxynitrile lyase from could Manihot esculenta (MeHNL) (Fig.
1C-E). Derepressed expression of all proteins matched constitutive expression from Pp,4p and clearly
outperformed derepressed expression from Pp,car;. Methanol induced enzyme activities of Ppycar; and
Pppaox: were similar, only for CalB expression Pp,car; outperformed all tested promoters, suggesting a
specific beneficial effect. Methanol induced activities from Py,rvp outperformed methanol induced
Pppaox1 up to 2.5-fold. However, the effect was stronger for the intracellular expression of MeHNL
than the secretory expression of HRP and CalB. We assume that for the secretory proteins, not
transcription but rather passage through the secretory pathway is the limiting factor. In line with this
hypothesis, it has previously been shown that multicopy strains of CalB even show reduced activities
compared to single copy if expressed without helper proteins [16]. Similar effects were also noticed
for HRP (Krainer F.W. personal communication). Too strong overexpression of HRP and CalB by P.,rvp
may overburden the secretion machinery (‘secretion saturation’ [15]), whereas intracellular
expression of MeHNL is well tolerated.

The strong expression from Pp,ryp Was consistently reproducible using four reporter genes (eGFP,
HRP, CalB, MeHNL), therefore we suggest that orthologues promoters from related organism can be
valuable tools for protein production even exceeding endogenous promoters.

Discussion

Interestingly, none of the orthologous promoters tested show clear identify to the P. pastoris
genome when performing a BLAST search (using standard parameters) and also alignments to their P.
pastoris orthologs do not exhibit clear identities (data not shown). Similar results have been obtained
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in in metazoans [9] and yeast [10]. We assume that the expression form the MUT promoters is
governed by short, partially degenerative transcription factor binding sites (TFBS), that are
apparently also conserved in some heterologous promoters. The P. pastoris methanol master
regulator Mxrlp [17] binds for example a simple CYCCNY motif and this motif is dispersed over
different positons in the P. pastoris AOX1, DAS2 and PEX8 promoter sequences [18,19].

Even more puzzling is the strong derepressed activity of the HpFMD promoter. It has previously been
suggested, that regulation about derepression in methylotrophic yeasts is conferred primarily by the
host regulatory machinery and not by the promoter sequences [3]. This assumption was taken, as the
P. pastoris AOX1 promoter (tightly repressed in its natural host) did not maintain its tight repression
if transferred to H. polymorpha. Pppaox: showed in Hp derepression similar to endogenous H.
polymorpha promoters [3,11,20]. A possible explanation would be that P. pastoris contains unique
repressors to maintain tight repression under derepressed conditions. It appears that this machinery
does not exist in H. polymorpha (or at least does not act on the HoFMD and HpMOX promoters, as
these promoters are naturally derepressed). So it is unlikely that the HpFMD and HpMOX promoters
contain binding sites for the P. pastoris machinery to maintain tight repression, which would explain
their derepressed regulation in P. pastoris. Alternatively, the effect may also be explained by an
activating model: H. polymorpha may contain activators that start expression under derepressed
conditions. P. pastoris may contain similar derepressed activators, as the PpCAT1 promoter is also
moderately derepressed. The HpFMD promoter may contain more TFBS for these activators than
Pppcars, leading to stronger activation. However, these are just hypotheses and elucidating the exact
mechanisms of the strong derepressed expression will require further studies.

There is a notable difference of our work on orthologous MUT promoters from related
methylotrophic yeasts compared to a study on the promoters of genes coding for ribosomal proteins
in various yeasts in S. cerevisiae [10]: The MUT promoters show different modes of regulation
(repression, derepression, induction) whereas ribosomal proteins are constitutively expressed [10].
We have recently shown that even in P. pastoris 15 methanol inducible promoters of the MUT
pathway are considerably differently regulated (regarding tightness of repression and strength) [5].
The strength and simple regulation of MUT promoters and the ease of cultivation and genetic
modification of methylotrophic yeasts may suggest them also as promising model systems for
studying eukaryotic promoter architecture and evolution (and not solely as prominent tools for
heterologous protein production). Systematically studying the same set of MUT promoters in Hp, Cb
and Pm and comparing these results to Pp and amongst each other may be a first starting step.

Surprisingly, orthologous promoters can be highly useful tools for single protein production, as
demonstrated by up to 2.5-fold higher activities achieved form the Py than Ppyaoxs. The
orthologous promoters show also highly divergent sequences from P. pastoris. This is advantageous
if multiple genes should be coexpressed. The repeated use of identical sequences can lead to ‘loop
out’ recombination in yeast [15], leading to loss of copies or parts of expression cassettes [21,22]. To
this end, orthologous promoters with similar regulation but divergent sequences may also become
valuable tools for metabolic engineering endeavors, requiring the expression of multiple genes from
similarly regulated promtoers [5]. To this end the promoters of the entire MUT pathways of Hp, Cb
and Pm could be tested in P. pastoris to mine for additional strong, tightly methanol regulated
promoters.
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Materials and methods

Cloning of promoters

The orthologous promoters were PCR amplified and cloned upstream of an eGFP repoter gene into a
previously established reporter plasmid for P. pastoris (pPpT4mutZeoMlyl-intARG4-eGFP-
Bmristuffer, [5]) based on the pPpT4 vector reported by N&atsaari et al. [23]. The promoters were
cloned seemingly, i.e. maintaining the natural sequence context to the start codon without additional
restriction endonuclease sites or linker sequences. Primers were designed according to the literature
(Hp FMD and MOX promoters [24,25], CbAOD1 [26] and CbFLD1 [27], Pm MOD1 and MOD2 [28-30])
and the primer sequences are provided in S 1. Genomic DNA of the strains Hp DSM 70277, Cb DSM
70026 and Pm DSM 2147 was isolated and used as template for the PCR reactions. The PCRs were
cloned into the reporter vector by TA cloning as outlined previously [5]. The resulting plasmids were
sequenced, showing in part minor differences to previously reported sequences (S 2). The control
vectors of the P. pastoris endogenous AOX1, CAT1 and GAP promoters were available from previous
studies [5].

The alternative reporter vectors bearing HRP (isoenzyme A2A [31]), CalB and MeHNL downstream of
the respective promoters were in part available from previous studies [5] or generated by cutting out
the eGFP reporter gene from the above mentioned vectors (via Nhel and Notl restriction sites) and
seamlessly inserting PCR products of the GOls by Gibson assembly [32]. See again S 1 for the primer
sequences. The HRP and CalB vectors previously reported [5] were used as PCR templates, the
MeHNL sequence was codon optimized for P. pastoris and ordered with overhangs to the AOX1
promoter and terminator for Gibson cloning (S 1). This vector was sequenced and used as template
for amplification. Since the HRP and CalB genes were both fused to a mating factor alpha signal
sequence, the same forward primer could be used for amplification (pHpFMD-MFalpha-Gib). The
inserted genes were sequenced with primers binding to the AOX1 terminator and the respective
promoters, for Pnyrvp @ Sanger sequencing primer (seq-pHpHMD-149..126fwd) was designed to allow
sequencing of the downstream gene.

Strains, materials, fluorescence measurements and enzyme assays

Materials and strains were used as previously reported in detail [5]. Fluorescence measurements,
HRP and CalB activity assays were also performed as previously reported [5]. For transformations of
all basic promoter comparisons, the P. pastoris CBS7435 wildtype strain was used. HRP and CalB
were transformed into a mutS strain, as higher yields have been reported [33] and the control
plasmids bearing these genes of interest under the control of P. pastoris endogenous promoters had
also been transformed into the muts strain [5]. MeHNL activity was measured as described in [12].
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Fig. 1: The HpFMD promoter is the strongest orthologous promoter tested, even outperforming P. pastoris endogenous
promoters.

A) Reporter protein fluorescence of all orthologous and endogenous promoters tested. The orthologous MUT promoters
of different methylotrophic yeasts were cloned upstream of an enhanced green fluorescent protein (eGFP) and
transformed into P. pastoris. The strains were cultivated in deep well plate (DWP) cultivation on BMD1 media and
subsequently induced with methanol. Reporter protein fluorescence and ODgy, were measured under glucose
repressed (16 h) and derepressed (60h) conditions and different time points of methanol induction. Fluorescence
measurements were normalized per ODgy. Mean values (MVs) and standard deviations (SDs) of biological

quadruplicates are shown.

B) HpFMD is slightly constitutive active and shows strong derepression. Selected strains form panel A were cultivated in
shake flasks and inoculated to a low starting ODggo. Reporter protein fluorescence, ODgy and glucose levels were
measured. Fluorescence/ODgy values at t=0 are not shown, as the starting ODgy, of 0.05 was outside the linear range
of the spectrometer used. The initial glucose concentration of the media was 55.5 mM (10 g/I). MVs and SDs of

biological triplicates are shown.

C-E) Similarly high yields as with eGFP can also be achieved with the enzymes HRP (C), CalB (D) and MeHNL (E). The strains
were grown in DWPs on BMD1 media until glucose depletion for 60 h and were subsequently induced with methanol.
HRP and CalB activities in the supernatants were measured and cells lysed to measure intracellular MeHNL activity.
Mean values (MVs) and standard deviation (SDs) of biological quadruplicates are shown.
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Supplementary materials

S 1 (Primer sequences and synthetic MeHNL gene)

S 1: Primer sequences and synthetic MeHNL gene

Primers for amplification of the orthologous promoters:

HpFMDfwd | AATGTATCTAAACGCAAACTCCGAGCTG LENGTH:28GC CONTENT:42.9 %MELT TEMP:59.0 °C
HpFMDrev GATTTGATTGATGAAGGCAGAGAGCGCAAG LENGTH:30GC CONTENT:46.7 %MELT TEMP:61.3 2C
HPMOXfwd | TCGACGCGGAGAACGATCTCCTCGAGCT LENGTH:28GC CONTENT:60.7 %MELT TEMP:67.1 2C
HpMOXrev | TTTGTTTTTGTACTTTAGATTGATGTCACCACCGTGCACTGGCAG LENGTH:45GC CONTENT:42.2 %MELT TEMP:66.0 2C
PmMODIfwd | ¢ AGATGGTACATACTTAAAAGCTGCCATATTGAG LENGTH:35GC CONTENT:40.0 %MELT TEMP:59.9 eC
PmMODIrev | 111GAGAAATTAATAGTAAGATTTTTTTTTCGTAAAAGTTTTGATTGAGTTAATTC LENGTH:56GC CONTENT:19.6 %MELT TEMP:59.9 2C
PmMMOD2fwd | GGATCCACTACAGTTTACCAATTGATTACGCCAATAG LENGTH:37GC CONTENT:40.5 %MELT TEMP:61.1 2C

PmMOD2rev TTTGAATTTTAGTTTTAGATAGATAAATATAATTTTCAATCCTGTTATAAAATAGTATAT | LENGTH:60GC CONTENT:15.0 %MELT TEMP:58.4 °C

CbAOD1fwd GGAGTATACGTAAATATATAATTATATATAATCATATATATGAATACAATGAAAG LENGTH:55GC CONTENT:18.2 %MELT TEMP:56.2 °C
CbAOD1rev TATTGAAAAATAATTTTGTTTTTTTTTTTTTGTTTTTTTAAAAGTTCGTTAAAATTCG LENGTH:58GC CONTENT:13.8 %MELT TEMP:59.8 °C
CbFLD1fwd GGATCCCTTCAACAGCGGAGTCTCAAAC LENGTH:28GC CONTENT:53.6 %MELT TEMP:62.5 °C
CbFLD1rev TTTTGTGGAATAAAAAATAGATAAATATGATTTAGTGTAGTTGATTCAATCAATTGAC | LENGTH:58GC CONTENT:22.4 %MELT TEMP:60.9 °C

Primers for cloning the promoters upstream of different reporter genes:

pHpFMD-MFalpha-Gib cttgegctctetgecttcatcaatcaaatcATGAGATTCCCATCTATTTTCACCGCTGTC
AOX1TT-Notl-CalB caaatggcattctgacatcctcttgaGCGGCCGCttatggggtcacgataccggaacaag
AOX1TT-Notl-HRPA2A caaatggcattctgacatcctcttgaGCGGCCGCttaggatcegttaactttcttgcaatcaagte
seq-pHpHMD-149..126fwd actggtgtccgccaataagaggag

pHpFMD-MeHNL cttgegctctctgecttcatcaatcaaatcATGGTTACTGCTCACTTCGTCTTGATTCAC
AOX1TT-Notl-MeHNL caaatggcattctgacatcctcttgaGCGGCCGCTTAAGCGTAAGCGTCGGCAACTTCCTG
pCAT1-MeHNL-Gib cacttgctctagtcaagacttacaattaaaATGGTTACTGCTCACTTCGTCTTGATTCAC

Codon optimized MeHNL gene:

The CDS is written in upper case, start and stop codons written in bold, overhangs for Gibson
assembly [32] to the entry vector are written in lower case, EcoRl and Notl restriction sites typically
used for cloning in the pPpT4 vector family are underlined.

cgacaacttgagaagatcaaaaaacaactaattattgaaagaattccgaaacgATGGTTACTGCTCACTTCGTCTTGATTCACACT
ATCTGTCATGGTGCTTGGATCTGGCACAAGTTGAAGCCAGCATTGGAGAGAGCTGGACATAAGGTTACCGCTC
TTGATATGGCTGCATCTGGTATTGATCCTCGTCAAATCGAACAAATCAATTCATTCGACGAGTACTCAGAGCCA
CTGCTGACCTTCTTGGAAAAGTTGCCTCAAGGTGAAAAGGTGATCATCGTTGGTGAATCCTGTGCTGGATTGA
ACATTGCCATTGCAGCTGATAGATATGTCGATAAGATCGCTGCTGGTGTCTTCCACAACTCTCTGTTACCAGAT
ACTGTTCACTCTCCATCTTACACTGTCGAGAAGTTGTTAGAATCATTCCCAGATTGGAGAGATACTGAATACTTT
ACTTTCACTAACATCACTGGAGAGACTATCACCACCATGAAACTTGGATTCGTTTTGTTGAGAGAAAACCTTTTC
ACCAAGTGTACTGATGGTGAATACGAATTGGCCAAGATGGTTATGAGAAAGGGTTCTTTGTTTCAGAATGTTC
TTGCACAAAGACCAAAGTTCACCGAAAAGGGTTACGGTTCTATCAAGAAGGTCTACATCTGGACTGATCAGGA
CAAGATCTTCCTGCCAGACTTCCAAAGATGGCAAATCGCAAACTACAAACCAGATAAGGTCTACCAAGTCCAA
GGTGGTGATCACAAGTTACAATTGACCAAGACCGAAGAGGTCGCTCACATCTTGCAGGAAGTTGCCGACGCTT
ACGCTTAAgcggccgctcaagaggatgtcagaatgecatttgectg
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S 2 (Alignments of promoter sequences to references)

S 2: The sequences of the orthologous promoters obtained in this study show minor differences to sequences reported in
literature. Promoter sequences reported in the literature (denoted as ‘ref, see materials and methods section) are
compared to sequences obtained by PCR amplification and cloning in this study (denoted by an asterisk ‘*’). The lengths
reported in the literature up to the start codon are shown. See separate file.

S 3 (ARS behavior of CbAOD1 promoter)
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S 3: Pcpaop: containing plasmids result surprisingly in approximately 100-times higher transformation efficiency in
linearized form and allow circular transformation of plasmids, suggesting the presence of an ARS.

A) AT content of the CbAOD1 promoter. The average AT content of the P. pastoris genome is 58.9 % [34,35]

B) Transformation of circular and linearized forms of the empty vector (T4 = pPpT4_S [23]), a control vector
containing the P. pastoris ARS1 [13] and the CbAOD1 promoter. Photos of the transformation plates after 48 h of
incubation are shown. For linearized plasmids amounts equivalent to 1.0 ug of the empty T4 vector [23] were
used and for circular plasmids 10 ng of plasmid was were transformed. Different volumes of transformed and
regenerated cultures were plated (10 pL, 100 uL, 1000 pL).
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ABSTRACT: Synthetic promoters are commonly used tools for
circuit design or high level protein production. Promoter engineer-
ing efforts in yeasts, such as Saccharomyces cerevisiae and Pichia
pastoris have mostly been focused on altering upstream regulatory
sequences such as transcription factor binding sites. In higher
eukaryotes synthetic core promoters, directly needed for tran-
scription initiation by RNA Polymerase II, have been successfully
designed. Here we report the first synthetic yeast core promoter for
P. pastoris, based on natural yeast core promoters. Furthermore we

Consensus sequence
based approach

Synthetic
+ — sequences

and variants

- —

NInIN

Predictions of transcription
factor binding sites

RMNA Polymerase 1|

used this synthetic core promoter sequence to engineer the core

promoter of the natural AOXI promoter, thereby creating a set of core promoters providing a range of different expression levels.
As opposed to engineering strategies of the significantly longer entire promoter, such short core promoters can directly be added
on a PCR primer facilitating library generation and are sufficient to obtain variable expression yields.

KEYWORDS: synthetic promoters, core promoter construction, promoter library, transcriptional fine-tuning, Pichia pastoris

Engineered promoters are commonly applied DNA parts for
circuit design and used to increase titers of heterologous
proteins and metabolites. In eukaryotes, where promoters are
longer and more complex than in prokaryotes, the core or
minimal promoter is the crucial region providing binding sites
for general transcription factors and RNA polymerase IL. In
addition, transcript stability and efficient translation initiation
depend on the S’ untranslated region (UTR). In higher
eukaryotes the design of synthetic core promoters has led to
strongly improved synthetic variants.' In lower eukaryotes such
as yeasts and fungi, promoter engineering has mostly
concentrated on upstream regulatory sequences (URS),2’3
their combination with natural core promoters4’5 and/or
random mutagenesis approaches of selected core promoter
regions.5’6 In the model yeast Saccharomyces cerevisiae, large
scale studies have been used to analyze the sequence/function
relationship of natural core promoters.”

Pichia pastoris is a commonly used expression system for the
production of biocatalysts and biopharmaceuticals, as it allows
secretion of pure heterologous proteins to the culture broth and
grows to high cell densities.® The most commonly used,
exceptionally strong, and tightly regulated methanol inducible
promoter of the alcohol oxidase 1 gene (pAOXI) has been
studied in terms of regulatory sequences and factors.” It was
also used for the design of synthetic promoter variants
providing a range of expression levels and altered regulatory
profiles. These engineering efforts have focused on URS,>’
random mutagenesis of core promoter sections® or the 5’
UTR." Here we aimed for the first time to design a fully
synthetic core promoter and 5" UTR for P. pastoris and to
employ such artificial sequences for pAOXI core promoter

-4 ACS Publications  © Xxxx American Chemical Society

engineering to obtain a library of sequence-diversified
promoters with different properties.

B CONSTRUCTION OF SYNTHETIC CORE PROMOTER
PCORE11

While promoters in bacteria can be rationally engineered
considering conserved regions and spacing (e.g, conserved
—35, —10 regions),"" yeast core promoters have only been
engineered by random mutagenesis methods.>® We designed a
synthetic yeast core promoter by using a consensus sequence of
natural core promoters that was refined by incorporating
common transcription factor binding site (TFBS) motifs
(Figure 1A). The core promoter sequences of four natural,
differently regulated promoters (pAOXI, pGAP, pHIS4, and
pScADH2) were aligned using MultAlin'? to identify a general
minimal consensus (Figure 1B). Detailed information on the
promoter choices and exact sequence selection is provided in
Supplementary Figures S 1, Supporting Information. This first
core promoter sequence (pCorel) was successively re-
engineered on the basis of an in silico analysis for putative
TFBSs (Figure 1C, Supplementary Figures S 1, and Supporting
File 1, Supporting Information). We aimed to identify common
sequence motifs of the natural promoters and to integrate them
into pCorel. Therefore the natural promoters used for the
consensus design were analyzed for putative TFBSs using
MatInspector."> TEBSs predicted in several natural promoters
were incorporated into the pCorel sequence, while superfluous
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pPCoreAOXl CTAACCCCTACTTGACAGCAATATATAARCAGAAGGAAGCTGCCCTGTCTTARACCTTTTTTTTTATCATCATTATTAGCTTACTTTCA
pCoreGAP TTGGAAACCACCAGAATCG-AATATAAAAGGCGARCACCTTTCCCAATTTTGGTTTCTCCTGACCCARAGACTTTARATTTAATTTAT
pCoreHIS4 CTTGAGTACGAACTATGTAT-TATATAAT---CAGGCATCTTTICTTTTTTTCTTTTTTTTTTTIGTCTCTCGCTTGGATCCCAACACT
pCoreADH2 GCTATAGCATGCCTATCACATATAAATAGAGTGCCAGTAGCGACTTT---TTTCACACTCGAAATACTCTTACTACT--GCTCTCTTGT
Consensus .cTtgag.acgaccaa.atat. tAtATRaa. .gcaagch.Ctttect. ttTTEe. tttttttttt. co.atcacttt.a. ctecaattte.

-85 -1
e e - - e St el
pCorehOX1 ATTGCGACTGGT-TCCAATTGACAAGCTTTTGATTTTARCGACTTTTAACGACAACTTGAGARGATCARAARACARCTAATTATTGARACE
pCoreGAP CTTTCCCAATTTTGGTTTCTCCT-GACCCARAGACTTTARATTTAATTTATTTGTCCCTAT TTCAATCAATTGAACAA-CTATCARRACACA
pCoreHIS4 ATATTTCAGATCTCCTGATGACTGACTCACTGATAATAAAAATACGGCTTCAGRATTTCTCAAGACTACACTCACTGTCCGACTTCARGT
pCoreADH2 ATCACTTCTTGTTTCTTCTTGGTAAATAGRATATCAAGCTACAAAAAGCATACARTCAACTATCAACTATTAACTATATCGTAATACACA
Consensus ....attacttetggT.TCe..ttGacaaact.a.tattaa.a.aa.tt.t...tacaa.tt.c.aa.aactaaaaacaat.te.th.t.cha..
=193 -89
| + + + + + + + + + |
pCoral TTGAGCACGACCARCATATCTATATAARACAARAGCACCTTTCCTCTTTTTCTCCTTTTTTTTCATCATCACTTTCACCTCAATTTCCATTACTT
pCorell  TTGAGCACGACCAACACATCTATATAAAACAAAAGCACCTTTCCTCTTTTTCTCCTTTCTTTTCG--ATCATAATCTAATCAGTCTCAAGAAAC
-98 -1
I + + + + + + + + + |
pCoral CTGGTTTCTTCTCACAAGATAARATAT TAATACAACTTAAGACGCATACAATCTTATAACAACTAAAAACAATGTCAAACTTCAAAGAATTCCGAAACGALg
pCorell  CAGAAGTAATGGAAATTGAGGTGAAA-GTCACAACTTAAGAC-CATACAATCTTA---—-- CTAGATA---TATCAAACTTCAAAGAATTCCGAAACGatg
Color code Family Information Matrix sim. Sequence
Plant TATA binding protein factor 0.945 catcTATAtaaaaca
Yeast TATA binding protein factor 0.843 gttt TATAtagatg
Plant TATA binding protein factor 0.923 tctaTATAaaacaaa
Vertebrate TATA binding protein factor 0.938 atctaTATA
Pheromone response elements 0.868 atataaAACAaaa
‘\Vertebrate TATA binding protein factor 0.951 clataTAAAacaaaagc
Fungal basic leucine zipper family 0.937 tttcgatcataatc TAATcag
Fungal GATA binding factors 0.833 gactGATTagattat
Yeast heat shock factors 0.955 agaaaccagaagtaatGGAAatigagatgaaag
Asperg./Neurospora-activ. of genes induced by nitrogen 1.000 TATCtag
Asperg./Neurospora-activ. of genes induced by nitrogen 0.994 TATCaaa

Figure 1. Design steps of the synthetic core promoter pCorell. (A) Schematic diagram of the design strategy. Four natural yeast core promoters
were aligned resulting in a consensus sequence/pCorel. TEBSs predicted in at least two out of the four core promoters were incorporated into
pCorel resulting in pCorell (Supplementary Figures S 1 and Supporting File 1, Supporting Information). Sequence elements and positions are not
drawn to scale. (B) Sequence alignment of the core promoters used for the generation of a consensus sequence. Detailed information on the
sequence selection is provided in Supplementary Figures S 1, Supporting Information. (C) The consensus sequence of the alignment was the basis
for pCorel generation. The four natural core promoters and pCorel were analyzed for putative TFBSs using MatInspector (Supporting File 1,
Supporting Information); common TFBSs were incorporated as described in Supplementary Figures S 1, Supporting Information, resulting in
pCorell. The synthetic promoters fused to the EcoRI site (underlined), Kozak sequence (in italics) and the start codon (lower case) are shown (see
also Supplementary Figures S 2, Supporting Information). (D) TFBSs prediction of the engineered pCorell (for detailed information and analysis
of the other core promoters, see Supplementary Figures S 1 and Supporting Figure 1, Supporting Information).

sites of pCorel were removed, resulting in pCorell (Figure
1C,D). Detailed information on the putative TFBSs found and
the engineering thereof are provided in Supporting File 1 and
Supplementary Figures S 1, Supporting Information. In P.
pastoris, these predicted TFBSs are not necessarily bound by

homologues of the factors identified by the MatInspector
analysis, as these factors bind usually further upstream to URSs
(except TATA binding protein, a crucial core promoter factor).
As the MatInspector matrix-based model of TFBSs tolerates
also variations in binding motifs, the motifs found may also
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Figure 2. Engineered pAOXI core promoter variants exhibit a range of expression levels. (A) Design schematic of the variants. Regions from
pCorell were incorporated into pCoreAOXI. Insertions for length corrections are indicated in yellow. Detailed information on the selection process
and sequences is provided in Supplementary Figures S 2, Supporting Information 2. Numbering is relative to the translational start (+1). (B)
Expression levels of the variants. The variants Syncl to Syncé6ins and controls (wildtype pCoreAOX1, pCorel, pCorell) were cloned upstream of a
GFP reporter (N.C.: negative control of untransformed wildtype strain). The strains were grown on glucose and induced with methanol, and
fluorescence was measured as outlined in the methods section in the Supporting Information.

constitute degenerate determinants for the binding of general
transcription factors or RNA polymerase II

As core promoters alone provide either no or only low basal
transcription,'* we fused pCorel and pCorell to the upstream
region of pAOXI. These fusions were subsequently assayed
with a GFP reporter, established for yeast promoter studies.”*
While pCorel fluorescence only marginally surpassed back-
ground fluorescence, the re-engineered pCorell showed tight
repression on glucose and upon methanol induction reached
about 10% of the wildtype pCoreAOXI (Figure 2B). These
results show that functional synthetic yeast core promoters can
in principle be obtained by complementation of a core
sequence elements with additional nucleotides. This approach
is similar to prokaryotic promoter engineering,"" although
conserved, tightly localized sequence motifs such as the —10
and —35 region of prokaryotic promoters are not obvious
(except the TATA box)."*

B IDENTIFICATION OF VARIABLE SEQUENCE
STRETCHES OF PCOREAOXT1

Previous studies of the pAOXI URS focused either on
systematic deletions,® putative TFBSs,” or the identification of
TFBSs by DNA/protein interaction studies (see Supplemen-
tary Note, Supporting Information). However, while URS can
be positioned variably over the promoter sequence (e.g., TFBSs
of the methanol master regulator Mxrl in pAOXI and pDAS2,
reviewed in the literature”), core promoter recognition by RNA

Polymerase II requires tight interaction with the DNA over
more than 60 bp,'* and deletions in the core promoter may
interfere with the spacing of regulatory sequences. Therefore
we replaced putative regulatory sequences in pCoreAOXI with
elements of the functional synthetic pCorell. As opposed to
randomized sequences, such sequence transfer promised
functional engineered AOXI core promoters variants. Since
pCorell is shorter than pCoreAOXI also insertion variants
have been made. The exact sequence selections for the
synthetic core promoters (Syncl to Sync6ins) are illustrated
in Figure 2A and described in detail in Supplementary Figures S
2, Supporting Information. As the natural pCoreAOXI
sequence, all synthetic core promoters linked to the upstream
region of pAOX1I were repressed on glucose (Figure 2B). GFP
fluorescence upon methanol induction of the synthetic variants,
including pCorell, ranged from 10 to 117% percent of the
wildtype promoter. Several variants showed only moderate
changes in expression levels, even though key regions close to
the TSS were changed (Sync2, Sync3, Sync3ins). Sync4 and
Sync4ins show the strongest decrease of expression (30—40%
of the wildtype promoter activity), suggesting an important
region downstream the TSS in the beginning of the S'UTR. In
general the length correction by insertions did not cause
significant differences.

Our results show that the construction of diversified
synthetic core promoters and 5° UTRs is also possible in
yeast. A first generation synthetic core promoter sequence
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showing at least some functionality can be used to recruit
suitable sequence stretches for the design and construction of a
next generation library of fully functional core promoters with
varying sequences and strength. By testing a moderate number
of variants, we achieved a range of expression levels, and these
variants can be applied to fine-tune gene expression. Compared
to engineering by random mutagenesis (e.g., error prone PCR),
much fewer constructs need to be tested. However, screening a
higher number of randomly mutated sequences of pCoreAOX1
recently also led to considerably improved variants,® while our
more rational approach resulted only in moderately improved
variants so far (SyncS and Sync6). Both kinds of core
promoters might be combined with URS variants of other
studies™ to achieve synergistic effects. It remains to be shown
whether the observed effects are a result of changed
transcription or mRNA stability, or if the translation initiation
was influenced. However, the replacement of parts of natural
core promoter sequences also provides a tool for sequence
diversification while maintaining natural expression levels and
regulation. Engineering of URS may also interfere with
regulation of the promoter.” For our synthetic core
promoter/pAOXI1 URS fusions, the mode of regulation
remained untouched. Therefore a similar strategy as in
prokaryotes, where ribosome binding sites are modified to
fine-tune strong natural promoters,15 is feasible by engineering
eukaryotic core promoters and UTRs.
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Complete methods, Table S1, supplementary figures S 1-S 3,
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Chapter 3.4.2
A library of bidirectional promoters facilitates fine-tuning of
gene coexpression
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Abstract

The production of multimeric proteins or the expression of biocatalytic redox systems and enzyme
cascades and metabolic pathways requires coexpression of several genes. Even the most simple
heterologous expression experiments need the coexpression of a selection marker as a second
protein. Each set of genes to be coexpressed needs optimization of cumulative expression levels,
ratios and regulation. Optimizations using monodirectional promoters (MDPs) are complicated by
plasmid size, cloning obstacles and a limited number of natural strong, tightly regulated promoters
available.

We have generated a library of bidirectional promoters (BDPs) allowing fast screening of diverse
expression profiles and ratios to optimize gene coexpression. Natural bidirectional histone promoters
conserved between eukaryotes were used as a universal engineering framework applied in yeast.
Synthetic BDPs were designed by promoter fusions, bidirectionalization of MDPs and assembly of
two core promoters flanking cis-regulatory modules (CRMs) into bidirectional hybrid promoters.
These libraries of short, tightly regulated sBDPs facilitate optimizing dual gene coexpression and ease
the assembly of multi gene expression cassettes such as metabolic pathways.

Introduction

Coexpression of multiple genes is a common challenge in molecular biology and metabolic
engineering to produce pharmaceuticals, fine chemicals or biofuels. Heterologous expression of an
entire pathway or production of multimeric proteins requires coexpression of two or more genes.
Each set of genes to be coexpressed needs optimization of cumulative expression levels, ratios and
regulation: The cumulative expression especially of heterologous genes should not overburden the
cellular capacities. Gene pairs such as enzymes and their redox partner (e.g. cytochrome P450
enzymes (CYP) and the associated reductase (CPR)) or any gene of interest (GOI) and a folding helper
need to be coexpressed at a suitable ratio. Also in metabolic engineering the ratio of the genes
coexpressed is critical for balancing the pathway flux [1]. In addition it may be necessary to time the
coexpression of the GOls: Production of metabolites or proteins that are difficult to fold may exert a
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constant metabolic burden on the cell. In such cases it is desirable to control expression using
regulated (inducible) promoters and separate cell growth form production.

The optimal cumulative expression level, ratio and regulatory profile are difficult to predict and
typically optimized by screening different promoter combinations [2,3]. Mostly monodirectional
promoters (MDPs), conferring expression in one direction, are used for fine-tuning gene
coexpression [2-5]. However bidirectional promoters (BDPs), providing divergent expression in
opposite directions, were shown to simplify coordinated gene coexpression [6—13].

We envisioned the application of a large set of BDPs for optimizing gene coexpression (Fig. 1a). Such
a library of BDPs providing combinations of different expression levels and regulatory profiles on
both sides can be cloned randomly between two genes or used for the assembly of multi-gene
expression cassettes (S 1). Subsequent screening of the constructs yields the optimal coexpression
strategy for the set of GOIs. However, this requires the availability of a library of diverse BDPs that
could be selected from natural and synthetic BDPs (nBDPs and sBDPs).

Divergent transcription and nBDPs have been characterized in all model organisms [14—20]. RNAseq
studies showed that eukaryotic promoters are intrinsically bidirectional and a source of low-level
cryptic antisense transcripts [15,16]. nBDPs with non-cryptic expression in both orientations
frequently coregulate functionally related genes [21,22] and are in part evolutionary conserved [23].
Yet only few nBDPs such as the Saccharomyces cerevisiae GAL1-GAL10 promoter have been used to
drive heterologous gene coexpression [24-26]. A few synthetic BDPs (sBDPs) have been created for
Escherichia coli [13], S. cerevisiae [26—30], plants [6,7] and mammals [8-12] offering small sets of
combinable regulatory profiles and expression levels. S. cerevisiae provides with less than 10 BDPs
characterized to our knowledge the largest set of BDPs and thereby a rudimental resource for
bidirectional gene coexpression. BDP engineering was so far focusing on single case studies and no
generalizable strategies have been demonstrated.

Here, we have generated a library of 168 BDPs covering a 79-fold range of expression levels, variable
ratios (equal expression up to 61-fold difference) and combinations of regulatory profiles for the
methylotrophic yeast Pichia pastoris. Orthologs of the natural bidirectional histone promoters
applied as engineering chassis in P. pastoris gave also high expression in S. cerevisiae and
Schizosaccharomyces pombe (personal communication Pitzer J.) cells suggesting their suitability as
general eukaryotic BDP engineering framework.

Results and discussion

nBDPs of P. pastoris show limited cumulative expression levels, ratios and
combinations of regulatory profiles

A suitable library of BDPs for coexpression optimization must provide different cumulative
expression levels, ratios and regulatory profiles. Therefore either nBDPs can be used or sBDPs can be
generated. Assuming a random distribution of gene organization, one third of gene pairs should be
arranged in head to head orientation forming BDPs. We adapted our BDP expression strategy (S 1)
for vectors in the methylotrophic yeast Pichia pastoris and mined its genome for putative nBDPs (Fig.
1b). P. pastoris is even more frequently applied for heterologous protein production than S.
cerevisiae [31] due to its growth to high cell densities (>150 g dry cell weight per liter [32]) and high
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yields of secreted proteins [33]. Glycoengineered P. pastoris strains [33] are the only yeast species to
allow the production of complex terminally sialylated glycoproteins [34] and humanized monoclonal
antibodies [35]. P. pastoris offers also one of the largest sets of tightly coregulated promoters.
Promoters of genes coding for enzymes involved in the methanol utilization (MUT) pathway are
completely repressed by glucose and strongly induced by methanol [36]. Using a bioinformatics
search (S 2), we found 1462 putative BDPs in the P. pastoris genome (Fig. 1b) and selected a subset of
40 promoters for detailed characterization (Fig. 1c, S 4 for a list of the promoters tested). We tested
all putative nBDPs involving MUT genes [36] on one side to acquire regulated BDPs and we tested
putative nBDPs of typical housekeeping genes to obtain constitutive promoters using green and red
fluorescent proteins (FPs) as reporters (Fig. 1c). The relative fluorescence units (rfu) obtained with
different FPs are not directly comparable, as they depend on the specific quantum yields of the FPs
and the fluorescence spectrometer settings. We determined a normalization factor to allow direct
comparison of the two promoter sides in our experimental setting (S 3). Amongst MUT promoters,
only the DAS1-DAS2 promoter (Ppasi.pas2) Showed strong expression on both sides, as suggested from
previous studies using 1000 bp from each side ([36] and S 5b). The other MUT promoters showed
only strong monodirectional expression in one direction as observed in previous studies [36]. Various
putative nBDPs of housekeeping genes showed detectable expression on both sides weaker than the
monodirectional GAP (glyceraldehyde-3-phosphate-dehydrogenase) promoter (Pgap, Strongest
constitutive promoter in P. pastoris [37]) (Fig. 1c). The vast majority of these nBDPs exhibited limited
applicability for gene coexpression showing only on one side strong expression levels or relatively
weak bidirectional expression.

Bidirectional histone promoters provide strong expression in yeast
Most strikingly, natural bidirectional histone promoters of P. pastoris (Pepurx1, Prprux: and Pepunxz, see

S 6 for nomenclature) provide equally strong expression on both sides, matching (Fig. 1c) or even
outperforming (S 7) the Pgap benchmark. Histones, required for DNA packaging, range amongst the
most highly conserved eukaryotic proteins [38] and their genomic organization in gene pairs flanking
a bidirectional promoter is also conserved (S 6). Also the bidirectional histone promoters of the
yeasts S. cerevisiae (Fig. 1d) and Schizosaccharomyces pombe (Fig. 1e) showed strong bidirectional
expression matching strong constitutive MDPs of these organisms (S 6 [preliminary data, personal
communication Pitzer J.].

Therefore bidirectional histone promoters match or exceed strong MDPs in yeasts, suggesting their
wide applicability for gene coexpression in any eukaryote. The histone promoters used in this study
were combined with canonical poly(A) terminators, thereby removing histone typical 3’UTRs
associated with cell cycle associated degradation (S 6).

However, natural histone promoters offer only a fixed ratio and cumulative expression strength,
whereas a variety of expression profiles is desirable for the optimization of gene coexpression using
our library approach. We engineered yeast (Fig. 1f) histone promoters using truncation and deletion
strategies resulting in variants with diversified ratios and cumulative expression levels. Systematic
deletion studies of these nBDPs were favored by their short length condensing the regulatory
elements needed for strong bidirectional expression on minimal space (S 6). Removing the core
promoter from one side of a bidirectional promoter from yeast (Fig. 1f, S 9) increases
monodirectional expression on the other side up to 1.5-fold (S 9), hinting a regulatory model in which
two core promoters are competing for transcription initiation by general TFs or RNAPII (extended
discussion in S 9).
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Bidirectionalization and fusions of MDPs yield BDPs with extended ratios
and regulatory profiles

The natural histone promoters tested and engineered versions thereof provide a range of growth
dependent (cell cycle regulated [38,39]) cumulative expression levels and ratios. However, inducible
regulation is for many applications desirable, since allowing a separation of cell growth from
recombinant protein/metabolite production. Amongst all methanol inducible promoters of the P.
pastoris MUT pathway, we found only a single, very large (2488 bp) BDP (Ppasi.pas2, S 5). Detailed

deletion studies (S 5) showed that Ppssi.pas; can also be viewed as a fusion of two MDPs, since
expression from both sides is not interdependent. In contrast expression from both sides of Puux,
depends on a shared regulatory region (Fig. 1f). One may argue that ‘true’ BDPs rely on shared
regulatory elements and other divergent transcription is just achieved by divergent fusions of MDPs.
However, there is no clear definition in the literature and we see the concept of BDPs in this study
rather as specific parts providing simple divergent transcription and use the term accordingly.

We aimed to generate additional inducible BDPs by bidirectionalizing MDPs. In plants [6] and
mammalian cell lines [8] bidirectionalization was achieved by fusing a second core promoter in
reverse orientation to a MDP. Core promoters are in eukaryotes the minimal region providing
binding sites for general transcription factors and RNA polymerase Il. Typically core promoters alone
provide no or low basal expression, requiring additional regulatory sequences to activate
transcription. In higher eukaryotes the term ‘enhancer’ is used, whereas in yeast such DNA stretches
are called upstream activating sequences (UAS). We use the general term cis-regulatory modules
(CRMs) [40], including also repressor binding sites. When analyzing the sequences of the bidirectional
P. pastoris histone promoters, we noticed short core promoter/5’ untranslated regions (5 UTRs),
suggesting their convenient use for promoter engineering (S 6). We fused six histone core promoters
to 12 monodirecitonal P. pastoris promoters, partly varying the lengths of the core promoters and
the MDPs resulting in 30 variants. Two thirds of constructs were successfully bidirectionalized,
showing detectable expression from the second core promoter added. Only in the case of three
promoters (Paox:, Prp: and Ppas,) bidirectionalized expression of more than 50% of the native
monodirectional side was reached. The construct PcoreyasgitPpasrse9 reached on the
bidirectionalized side exceptionally high expression outperforming even strong MDPs. Different core
promoter lengths moderately effected expression, whereas the length of the MDP had a drastic
effect (e.g. PcoreuyraisitPpass-sos VS. PCOreunrargi+Ppass-1000: vVery high vs. no bidirectionalized
expression). These results are in contrast to milestone bidirectionalization studies in higher
eukaryotes [6,8] where testing few promoters in a single length led to suitable BDPs. These
dissimilarities may be explained by a different function/distance relationship between CRMs from
yeast and higher eukaryotes suggesting that it is in yeast more difficult to find the transcriptional
sweet spot for bidirectionalization.

The nBDPs characterized and bidirectionalized sBDPs generated showed on both sides the same
regulation and did not offer combinations of regulatory profiles on each side (e.g. constitutive and
inducible expression). Different regulatory profiles are required to achieve expression cascades to
temporarily separate gene expression. For example the expression of a chaperone should ideally
precede the protein of interest to efficiently assist in folding. We generated fusions of constitutive,
derepressed and inducible MDPs [36] resulting in 30 fusion BDPs with distinct regulation on each side
(Fig. 2b,c; S 8). The BDPs maintained in all cases on each side the regulatory profile of the MDPs
proving that fusions of MDPs are a suitable strategy to create differently regulated BDPs. Some
variants showed synergistic or antagonistic effects (S_8). In previous studies of MDP fusions in S.
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cerevisiae [26—30], no such interference effects were reported possibly owing to promoter specific
effects and a smaller number of combinations tested. A subset of the fusion promoters (Fig. 2c)
consisted of combinations of DAS1 and DAS2 deletion variants (S 5). These fusions demonstrated that
separately engineered MDPs maintain their individual expression levels and can be used to generate
regulated BDPs with varying ratios on both sides (ratios of 0.16 to 0.96).

Bidirectional hybrid promoters reach unprecedented expression efficiency

The nBDPs, bidirectionalization and fusions of MDPs offer a wide range of cumulative expression
levels, ratios and regulatory profiles in P. pastoris. Yet, the bidirectionalization efforts showed that
we have little rational understanding on how promoter length and core promoter properties affect
divergent transcription. To this end we assembled short defined CRMs (30-175 bp, S 5, S 9) with
histone core promoters (S 6) into compact bidirectional hybrid promoters (Fig. 2d). The CRMs were
selected from methanol regulated promoters based on literature data available on P,ox; ([37], S 5)
and deletion studies on Ppss; and Ppas, (S 5). Each CRM was characterized with a single core promoter
(S 9b), two core promoters, and combinations of CRMs were tested in different positions
(upstream/downstream) and orientations (Fig. 2d). To create combinations of reg. profiles we fused
a truncated histone promoter variant (Pyur.r3, Fig. 1f) to a single CRM and one core promoter.
Inducible synthetic hybrid BDPs matched expression from the monodirecitonal AOX1 promoter. In
terms of expression efficiency (expression/bp promoter length; a central characteristic for the
assembly of short expression cassettes), hybrid BDPs are up to 3.3-fold more efficient than typically
used nMDPs and 2.1-fold more efficient than the most efficient nBDP (Fig. 3e). Amongst sMDP
control constructs (S 9), also variants up to 2.4-fold more efficient than nMDPs were generated. The
length of the core promoters used and the orientation of the CRMs generally effected expression
only marginally. Orientation independency of yeasts CRMs has long been known [41], our results
demonstrate that this property can also be harnessed to generate strong BDPs.

The library of BDPs facilitates optimization of dual gene coexpression and
combinatorial pathway assembly

With a library of 168 P. pastoris BDPs spanning a 61-fold range of expression ratios between the two
sides (Fig. 3f) at hand, we aimed to optimize dual gene coexpression and multi-gene pathway
assembly (Fig. 1 A, S 1). We used BDP based strategies reducing the number of cloning junctions

compared to conventional MDPs (S 1a,d) allowing seamless fusions of the BDPs (S 1b,c and extended
discussion therein). We optimized dual gene coexpression of a human cytochrome P450 (CYP2D6)
and its associated reductase (CPR, required for electron transfer from NADPH) using a subset of
strong, differently regulated BDPs from the library (Fig. 3a). In addition the effect of the chaperone
protein-disulfide-isomerase (PDI) on secretion of the disulfide-bond-rich biocatalysts Candida
antarctica lipase B (CalB, Fig. 3b) and horseradish peroxidase (HRP, Fig. 3c) was evaluated. We also
evaluated production of taxadiene, the first committed precursor of the potent anticancer drug taxol
(paclitaxel), requiring coexpression of two enzymes: geranylgeranyl diphosphate synthase (GGPPS)
and taxadiene synthase (TDS) [42]. Constitutive expression worked well for HRP, whereas CYP2D6
activity was below the detection limit, possibly owing to cellular stress by UPR/ERAD (extended
discussion in S 10). For taxadiene production, constitutive expression of the GGPPS was detrimental
resulting in approximately 100-fold decreased transformation rates (data not shown). Although the
BDPs used had given similar reporter protein fluorescence, there was a 4.9 to 50-fold difference in
activity/yields (depending on the gene pairs of interest, S 10). Most strikingly, for taxadiene
production, the worst strain produced 0.1 mg/L whereas the best strain reached approximately 6
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mg/L, in range with highly engineered S. cerevisiae strains [43]. For each gene pair, a different BDP
gave the hlghest y|e|d (CYP2D6+CPR PDASl—DASZl CalB+PDI: PCATl-AOXlI HRP+PDI: PAOX1+GAP1 GGPPS+TDS:
Psarscar1), highlighting the importance of optimizing the expression strategy.

The assembly of multi gene coexpression cassettes is facilitated using BDPs and bidirectional
transcriptional terminators (BDTs) by reducing the number of parts (promoters and terminators)
needed and increasing the efficiency of commonly used overlap-directed DNA assembly methods (S 1
D, [65]). We generated BDTs (S 11) and used them together with the library of BDPs for fine-tuning
the expression of the carotenoid pathway producing beta-Carotene. We tested combinations of
differently regulated promoters (constitutive, inducible) and expression ratios. The cassettes were
shorter than using repeatedly the P,ox; and shorter than using different MUT promoters and less
parts, easing assembly and sequencing. Bidirectional cassettes result in smaller vectors, increasing
transformation/transfection efficiencies and less sequencing reactions are required for covering the
entire cassette. MDPs and BDPs can principally achieve similar expression levels, also for dual gene
coexpression (Fig. 3a-c) as mimicking the best BDPs by MDPs resulted in similar activities (S_11).
However BDPs considerably facilitate assembly (S 1) and shorten expression cassettes due to higher
expression efficiencies (Fig. 2e). Testing the same promoter combinations using MDPs would have
approximately doubled the cloning effort for assembly (S 1).

For pathway assemblies, polycistronic strategies such as internal ribosome entry sites (IRESs) and 2A
sequences provide alternatives to BDPs [8,44] that aid to even further reduce construct size. Yet,
these post-transcriptional processes do not allow varying regulatory profiles. Ratios may be varied to
an unclear extent by varying the position of the genes. Yet combining a library of BDPs with 2A
sequences [44] may combine the favorable properties of each system.

Conclusion

According to our study in P. pastoris, only few nBDPs are versatile tools to drive bidirectional
expression. However, a library of diversified sBDPs, covering a range of expression levels and
regulatory profiles can be easily assembled following modular design strategies. sBDPs created by
bidirectionalization, fusions and hybrid design are more efficient than nBDPs and MDPs. It appears
that in nature only in rare occasions such as the requirement for exact equimolar expression and
intricate regulation (e.g. core histones) strong, tightly regulated nBDPs have evolved. It seems that in
P. pastoris the need for separated regulation and independent evolution of promoters outweighs the
need for tighter organization. However, artificial constructs for dual and multi gene coexpression are
not limited by these evolutionary constraints and may be assembled from sBDPs. The sBDPs designed
using parts of natural histone promoters allowed to screen for the optimal cumulative expression
strength, ratio and regulatory profile of various applications in P. pastoris. Given the high
conservation of histone BDPs in eukaryotes and the design strategies for sBDPs outlined here, similar
libraries of BDPs can be generated for other eukaryotes, facilitating metabolic engineering and
synthetic biology applications.
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Materials and methods

Analysis of P. pastoris genome organization

The genome sequence of the P. pastoris CBS7435 strain [45] was analyzed chromosome by
chromosome (GenBank IDs: FR839628.1, FR839629.1, FR839630.1 and FR839631.1) for genes in head
to head, tail to head (head to tail) and tail to tail orientation similar to the analysis of Trinklein et al.
[22] of the human genome. Lists of the gene pairs identified are provided in S 2. In rare cases genetic
elements such as tRNAs, rRNAs, mobile elements or sequencing gaps were annotated between two
genes transcribed by RNA polymerase Il. The presence of genetic elements is denoted in S 2, gene
pairs separated by gaps were omitted from the analysis.

Vector construction

P. pastoris promoter reporter vectors

For basic characterizations, a pPpT4_S [46] based expression vector bearing a single eGFP reporter
gene previously reported was used (pPpT4mutZeoMlyl-intARG4-eGFP-Bmrlistuffer [36]). With the
single reporter vector, bidirectional promoters had to be cloned twice, once in forward and once in
reverse orientation. The P. pastoris nBDPs were initially characterized by these means. To reduce the
cloning effort and allow simultaneous detection of both sides, we designed a bidirectional screening
vector. Based on the single reporter vector, we inserted a second reporter gene (a red fluorescent
protein variant termed dTomato [47]), between the targeting sequence and the stuffer fragment of
pPpT4mutZeoMlyl-intARG4-eGFP-Bmrlistuffer. We also tested different fluorescent proteins and
designed different vector variants of the RFP (data not shown). The vector was assembled by
digesting the single reporter vector with Ascl and Avrll. Subsequently the RFP fused to a P. pastoris
transcription terminator sequence was PCR amplified from a P. pastoris cloning vector using primers
newTomatoAscIBmrIFWD and AOXTTSbfIAvrlIREV1. To add an additional Sbfl restriction site, the
obtained PCR fragment was used as template for a second PCR using primers
newTomatoAscIBmrlIFWD and AOXTTSbflAvrlIREV2. The newly inserted part was confirmed by
Sanger sequencing. Subsequently we cloned several natural bidirectional promoters and semi
synthetic fusion promoters into this vector. The promoters were either inserted in random
orientation by TA cloning or directional by Gibson assembly [48].

The bidirectional reporter vector described here was also used as entry vector for the coexpression
of any gene pair. Therefore a cassette consisting of the two genes to be coexpressed with a stuffer
fragment between them is assembled by olePCR, digested with Notl and cloned in the Notl digested
bidirectional double reporter vector backbone. Alternatively also Gibson assembly can be used. S.

cerevisiae and S. pombe reporter vectors were generated by Pitzer J. (personal communication).

Assays
Fluorescence measurements of eGFP and sTom were performed as previously reported [49] see S 3

for extended discussion on the normalization. CYP2D6 activity measurements were performed as
outlined previously using 7-methoxy-4-(amino - methyl)-coumarin (MAMC) as substrates [50]. CalB
and HRP activities in the supernatants were determined using p-Nitrophenyl butyrate and 2,2’-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) as substrates as reported
previously [51].
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Fig. 1: Bidirectional histone promoters are amongst the few strong P. pastoris nBDPs and can be
used as general eukaryotic engineering framework as demonstrated in S. cerevisiae and S. pombe.

A)

Q)

F)

A library of diversely regulated natural and synthetic bidirectional promoters (nBDPs and sBDPs) covering
a wide range of regulatory profiles facilitates optimization of dual gene coexpression and the assembly of
multi gene coexpression cassettes (S 1).

The P. pastoris genome harbors 1462 putative nBDPs (gene pairs in divergent head to head orientation, S
2). The distribution of distances between gene pairs is shown in 25 bp intervals. The last bar indicates
gene pairs with an intragenic distance greater than 1000 bp. Also convergent tail to tail gene pairs
(forming putative bidirectional transcription terminators, BDTs) and head to tail/tail to head gene pairs
flanking a monodirectional promoter (MDP) and a monodirectional terminator (MTT) are shown. Genes
are illustrated as bold single-line arrows, promoters as filled arrows, terminators as rectangles.

The natural bidirectional DAS1-DAS2 promoter is the only P. pastoris methanol inducible promoter [36]
showing strong reporter gene fluorescence on both sides and histone promoters are the strongest nBDPs
of several housekeeping gene pairs tested in P. pastoris. All strains were grown on glucose media for 60 h
and MUT promoters subsequently induced with methanol for 48 h (for MUT promoters measurements on
methanol, for housekeeping genes on glucose are shown). The promoters were screened with a single
reporter gene in both orientations and bidirectional expression confirmed using two FPs (normalization
factor used as determined in S 3). Gene names denoted with an asterisk (*¥) were shortened and are
provided in S 4. For nomenclature of histone promoters see S 6. Mean values and standard deviations of
biological quadruplicates are shown. PBI: peroxisome biogenesis and import; ROS reactive oxygen species;
TX,TL: transcription, translation.

and E) Histone promoters of S. cerevisiae (d) and S. pombe (e) match strong constitutive promoters
described in these organisms (S 6) [preliminary data, personal communication Pitzer J.].

Systematic deletions and truncations of the P. pastoris HHX2 promoter offer shortened variants with
altered cumulative expression levels and ratios. On the left side of the panel a schematic on the sequence
variants is shown (S 4 for exact positions). TATA boxes are denoted by red rectangles. On the right side
expression levels after growth for 60 h on glucose are shown. *SFBDs: sequence feature based deletions
(S6).
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Fig. 2: Bidirectionalization and fusions of MDPs yield BDPs extending the repertoire of ratios and regulatory profiles in P.
pastoris. Modularly designed bidirectional hybrid promoters achieve highest expression efficiency.

A)

B)

Q)

D)

E)

F)

G)

Bidirectionalization of MDPs by addition of core promoters (S 6) yielded functional BDPs in most cases, but few designs gave
high expression. The core promoters (pCore) indicated were fused to the indicated MDPs. The length of the MDPs is given in
bp, selection criteria are outlined in S 8. *: In case of the Pmp20 promoter slightly varying sequences from the CBS7435 and
the GS115 strain were tested (S 8). In all panels of this figure mean values and standard deviations of normalized (S 3)
reporter protein fluorescence measurements of biological quadruplicates grown on the respective carbon sources are
shown.

Fusions of differently regulated MDPs yield BDPs with different regulatory profiles on each side. Fusions of methanol
inducible MDPs provide a set of strong, tightly regulated, sequence diversified BDPs allowing coexpression of up to 10 genes
without reusing any sequence. In case of Pyra; and Pyrs; the truncated versions shown in S 6 and S 9 were used. *: Here only
the fusion of Ppasz-699+Ppasi-ss2 is shown, for additional comparisons see S 5.

Fusing deletion variants of DAS1 and DAS2 promoters offers strong inducible BDPs with different expression ratios between
the sides demonstrating that variants of MDPs can be combined into BDPs maintaining their properties on each side. The
rationale for the selection of the deletions in Ppas; and Ppas, and the measurements of the separate promoters are shown in
S 5. Fluorescence was measured after 48 h methanol induction and shown as percent of the unmodified fusion promoter
(Ppas2-1000+Ppasi-1000)-

Bidirectional hybrid promoters assembled from histone core promoters (S 6) and CRMs of methanol regulated promoters (S
9) enable modular design matching the strong monodirectional AOX1 promoter. The color code for the regulatory elements
used is provided in S 9, a list of the exact designs of sBDP1-32 is provided in S 4. Yellow boxes indicate experimentally
confirmed Mxrlp (methanol master regulator) binding sites in Paox: and Ppas2 (S 5, S 9), red boxes: TATA boxes. Additional
bidirectional variants, controls and extended discussion are provided in S 9. Paox; is a reference of a monodirectional, strong,
methanol inducible promoter. Psox; was cloned in forward and reverse orientation in the bidirectional reporter vector,
therefore the values shown are derived from separate constructs and not from bidirectional activity. Abbreviations: CP: core
promoter, CRM: cis-regulatory module. ‘HHT2-T3’ is the truncated side of a bidirectional histone promoter (Fig. 1f) used to
generate hybrid promoters with growth associated expression from one side.

Expression efficiencies of sBDPs surpass nBDPs up to 2.1 fold and nMDPs up to 3.3-fold. The expression efficiencies were
calculated by adding up the normalized reporter protein fluorescence measurements of both sides (under optimal growth
conditions) and dividing the sum by the length of the promoter. The monodirecitonal AOX1 and GAP promoters are included
as references for state of the art nMDPs. Fold differences between the most efficient hybrid promoters and the most
efficient nBDPs, hybrid MDPs and the monodirectional reference promoters are shown.

The library of BDPs offers different ratios between the two sides of the promoters, ranging from equal expression to a 61-
fold difference. The ratios were calculated from the normalized reporter protein fluorescences (of the optimal growth
conditions), by dividing the lower value by the higher value. Different growth conditions of the strains with differently
regulated promoters even extend the ratios achievable. Only promoters clearly exceeding the background signal of the
measurements (>500 rfu for eGFP, >100 rfu for dTom) were included in the calculations.

The library of BDPs covers the whole expression space. Normalized upstream and downstream reporter fluorescence is
shown (by the default orientation in which the BDPs were cloned in the reporter vector).
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Fig. 3: Applying the library of BDPs helps to find the optimal expression condition for dual gene coexpression and
facilitates the assembly and transcriptional fine-tuning of multi-gene pathways.

A)

B)

Highest activity for the coexpression of human CYP2D6 and its associated CPR was achieved
using the natural Ppasipas; promoter in reverse orientation. A subset of strong BDPs was
cloned between the two genes and screened for highest activity compared to a control strain
expressing the two genes using two monodirectional AOX1 promoters. The strains were
pregrown for 60 h on glucose and induced with methanol for 72 h. Activity was measured by
a whole cell bioconversion assay using 7-methoxy-4-(aminomethyl)-coumarin (MAMC) as
substrate. See S 10 for details on the controls used and extended discussions of all panels of
this figure.

Bidirectional fusions promoters of Pear; t0 Paox: Or Pgap give highest volumetric activities in
the coexpression of secreted CalB and the chaperone PDI. Similar approach as in panel A,
however activities in the supernatant were also measured after growth for 60 h on glucose
using a pNPB assay.

Similar activities for coexpression of secreted HRP and the chaperone PDI are achieved using
inducible BDPs (fusions of Psox; Or Pears) or growth associated/constitutive BDPs (Pgap, Purxa).
Same experiment as in panel B, except use of an ABTS assay.

Highest taxadiene yields were achieved using a Pgap.car; fusion promoter for GGPPS and TDS
coexpression. Constitutive expression of the GGPPS gene was detrimental (data not shown).
Yields determined by GC-MS from shake flask cultivations with a dodecane overlay.

Using BDPs and BDTs for pathway assembly reduces construct length and the number of
parts required, demonstrated for the four gene (crtE, crtB, crtl, crtY) model pathway of beta-
carotene biosynthesis. Twelve bidirectional constructs were assembled by combining
inducible or constitutive BDPs and combinations thereof (Induc. + const.) with a BDT and two
MTTs. See S 1 for assembly strategy, S 11 for BDTs used and S 4 on detailed information on
the constructs generated. For the BDPs, a coloring scheme similar to Fig. 2a-c was used.
T*. natural bidirectional terminator between the S. cerevisiae IDP1 and PEX19 genes;
T': natural bidirectional terminator between the P. pastoris TEF1 and GDM1 genes. The
bidirectionalized Pr;p;-366:1H71-91 WaSs used.
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Supplementary materials
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S 1: Molecular cloning of BDPs via TA cloning or Gibson assembly facilitates optimization of dual and multi gene
coexpression compared to MDPs.

A)  Dual gene coexpression vectors based on BDPs and type IIS restriction endonucleases (REs) require less restriction
sites/cloning junctions than MDP based vectors or conventional bidirectional vectors (e.g. [26,27]). We use the term
‘cloning junctions’ to refer to identical sequences required by overlap-directed DNA assembly methods such as Gibson
assembly. MCS elements depict multiple cloning sites required for cloning of the genes of interest (G1 and G2).

B)  Comparison of vector assemblies using MDP based vectors, conventional bidirectional vectors and the stuffer/typellS
RE strategy reported here. Removal of a stuffer (placeholder) fragment from an entry vector using a single typellS RE
enables the testing of a library of seamlessly linked BDPs.

C)  Applying type IIS restriction endonucleases for seamless, sequence independent cloning of BDPs by TA cloning [52] or
providing junctions for Gibson assembly [48]. The start codons of the two genes are written bold, the entire Bmrl site
is underlined and the recognition sequence is written in uppercase in italics.

D) Using BDPs and BDTs (bidirectional terminators) cuts the number of parts (promoters and terminators) approximately
in half compared to MDPs and MDTs (monodirectional terminators) facilitating the assembly of multi gene expression
cassettes. The assembly of eight genes is shown as an example. The bidirectional cloning (entry) vectors used in this
study for inserting bidirectional multi gene expression cassettes provide already two MDTs, therefore the number of
parts is reduced from nine to seven.
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Extended discussion

Optimization of dual gene coexpression

The coexpression of two genes can be fine-tuned using
vectors based on MDPs or BDPs (S 1A). Using MDPs for
optimization of dual gene coexpression requires at first
cloning of the genes of interest (GOIs) into the reporter
vector and subsequent insertion of differently regulated
MDPs (S_1B). Therefore in total six unique restriction
endonucleases (RE) sites are required and four RE sites are
needed for exchanging the promoters. Alternatively to RE
based cloning, overlap-directed DNA assembly methods
such as Gibson assembly [48], CPEC [53] or SLIC/SLiCE
[54,55] can be used requiring overlapping regions (here
referred to as ‘cloning junctions’) with the vector. Thus for
each gene pair a new set of primers is needed to amplify
the MDPs to be tested for fine-tuning coexpression.
Currently used bidirectional vectors (e.g. [26,27] or a
mammalian expression vector (pBI-CMV1) offered by
Clontech (/Takara Bio Inc., Mountain View, CA, USA)) rely
on a fixed bidirectional promoter and subsequent cloning
steps using multiple cloning sites (MCSs) (S 1 A, B). This
design requires a separate cloning vector and sequential
cloning steps (requiring four RE sites) for each BDP to be
tested or tedious replacement of the BDP using two RE
sites. This strategy enables the basic use of BDPs for gene
coexpression but is unfeasible for testing a library of BDPs
required for optimization of cumulative expression levels,
ratios and regulatory profiles.

Here, we use a cloning strategy based on the removal of a
stuffer (place holder) fragment via a type IIS RE in
combination with TA cloning [52] or Gibson assembly [48]
(S 1 C) allowing RE site free, seamless cloning of a large
number of BDPs. Thereby the promoter providing the most
suitable cumulative expression strength, the most favorable
ratio and most suitable regulatory profile for the
coexpression of two genes can be identified.

An expression cassette of the two genes of interest
separated by a stuffer fragment is cloned into a starting
vector using a single RE (S 1 B). In a subsequent cloning step
the stuffer fragment is entirely cleaved out using a single
type IIS RE resulting in vector ends suitable for inserting
PCR amplified BDPs (S 1 C). In total only two REs are needed
for preparing the vector. This approach does not require RE
digestion of the BDPs or the presence of MCSs in the vector
and maintains the natural sequence context of the BDP up
to the start codon. MCSs contain several RE sites adding
non-natural sequences to the 5’ untranslated region of the
mMRNA that can interfere with mRNA structure thereby
causing translation inhibition [56]. In P. pastoris, it has been
shown that an increased length of the 5" UTR decreases the
expression of the commonly used alcohol oxidase 1
promoter (Paox:) [57].

Conventional type Il enzymes such as EcoRl and EcoRV
cleave within their palindromic recognition sequences
creating sticky or blunt ends. Type IIS REs such as Bsal, Mlyl
and Bmrl recognize non palindromic sequences and cleave
in a variable sequence outside of their recognition

sequence. We have placed two Bmrl sites at the end of the
stuffer fragment in opposite orientations resulting in
complete removal of the stuffer fragment by digestion with
a single enzyme (S_1 C). Tag DNA polymerase adds by
default a 3’ adenine overhang in PCR amplification that can
ligate with a thymidine overhang created by digestion with
a type IS RE (TA cloning [52]) [PCR products of proof
reading polymerases such as Pfu can be A-tailed with Tag
polymerase after purification]. Bmrl creates a variable
single nucleotide 3’ overhang. We positioned this overhang
in the beginning of the start codon of the two genes,
resulting in 3’ thymidine overhangs on both sides of the
vector (S 1 C). Adenine-tailed PCR fragments of BDPs can be
directly by TA cloning
complementing the start codons. The primers for BDP
amplification can be designed up to the start codons. Using
this strategy, a completely natural promoter and 5'UTR
sequence is achieved, omitting any bias from MCS or RE
sites. In addition the BDPs do not have to be digested with
REs and no overhangs are needed. Therefore the same
library of BDPs can be used for cloning between any gene
pairs. Alternatively overlaps and Gibson assembly can be
used. However, in this case it is necessary to add overlaps
to the GOls to all promoters and new primers are needed
for each gene pair to be coexpressed.

For cloning of a larger number of constructs and the
availability of suitable screening systems, TA cloning is
favorable. Due to higher efficiencies and less errors in the
cloning junctions, we recommend Gibson assembly/overlap
based cloning if a small set BDPs is to be tested.

cloned into the vector

Random insertion of fragments by TA cloning is a major
disadvantage for the cloning of MDPs or coding sequences
as only the forward orientation is functional. For BDPs it is
however a beneficial trait, since the same BDP can be
tested in both orientations in a single cloning experiment,
thereby facilitating coexpression optimization.

Also blunt end ligations based on stuffer removal by Mlyl
can be directly used to clone PCR fragments but they show
lower efficiencies (TA cloning showed up to 50 fold higher
ligation efficiencies than blunt end cloning [52]).

Assembly and optimization of multi gene coexpression
cassettes

BDPs and BDTs (bidirectional terminators) facilitate also the
assembly of multi gene expression cassettes in comparison
to MDPs and MDTs (monodirecitonal terminators). Typically
the efficiency of overlap-directed DNA assembly methods is
decreasing with the number of fragments in the assembly
[4]. The number of parts (promoters and terminators)
needed is approximately cut in half using BDPs and BDTs
MDPs and MDTs, considerably increasing the
efficiency of multi fragment assemblies (depending on the
method used [4]). In addition cassettes based on the
bidirectional elements reported here are shorter than using
monodirectional elements. Smaller expression cassettes
can be verified with less sequence reactions and show
typically higher transformation efficiencies.

over
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S2

S 2: Lists of gene pairs in the P. pastoris genome and extended discussion.

The analysis was performed as described in the materials and methods section. Genes in head to head, head to
tail and tail to tail orientation are provided in the separate sheets of the excel file.

Legend:

length: length of the intergenic region in bp; type: orientation of the two genes to each other (<’ and >’
characters indicate the orientation arrow-like); g1-from/gl-to: begin/end of the upstream gene of the gene
pair on the respective chromosome; g2-from/g2-to: begin/end of the downstream gene of the gene pair on the
respective chromosome; gl-orientation: orientation of the upstream gene of the gene pair on the reverse
(complement) or forward (normal) strand; g1-CDS-range: coding sequence of the upstream gene (‘join’ and
multiple numbers indicate splicing events); gl-locus_tag: gene identifier containing chromosome number; gl-
product: gene product of the upstream gene; gl-protein_id: accession number of the protein sequence; gl-
gene: gene name (if assigned); gl-inference: protein motifs (if assigned); g1-EC_number: Enzyme Commission
number (if assigned); the same terms (-orientation to -EC_number) are also given for the downstream gene
(g2); inbetween: tRNA, rRNA or mobile_elements present in the intragenic region

Extended discussion

Analysis of genome organization

This search was limited to directly adjacent genes. Missannotations (or hypothetical genes present) may bias
the results. For example the natural bidirectional DAS1/DAS2 promoter is missing from the list of putative
nBDPs, as a gene termed “Probable guanine nucleotide exchange factor FLI41603 homolog “ is between the
DAS1 and DAS2 genes (S 5). To rule out bias of the annotation, the genes of the MUT pathway were manually
curated for putative nBDPs.

Selection and testing of putative nBDPs

The list of head to head genes was searched for putative nBDPs of typical housekeeping genes (Fig. 1c) to
obtain constitutive promoters. Gene pairs containing annotations with the terms “putative”, “hypothetical”,
“uncharacterized” or “probable” were omitted from the analysis. We focused on genes of the central carbon
metabolism, general transcription machinery and ribosomal proteins.

Genome wide absolute quantification by RNA sequencing (RNAseq) may facilitate nBDP characterization, since
promising nBDP targets can be directly selected from their expression strength. However, at the time we
started this study, no RNAseq data for P. pastoris was available and RNAseq studies in P. pastoris remain scarce
[58,59]. Yet, for widely studied model organisms such as S. cerevisiae with an abundance of RNAseq data
studies at hand, pre-selection of putative nBDPs may considerably reduce screening efforts (aside studies on
cryptic/pervasive bidirectional transcription [15,16], so far only a DNA sequence based study on BDPs has been
performed in S. cerevisiae comparing sequence features such as the presence of TATA boxes and transcription
factor binding sites [60]).

However even with RNAseq studies it may be impossible to find nBDPs with specific regulatory profiles, since
they may not exist. For a library of BDPs to optimize gene coexpression, inducible nBDPs and combinations of
inducible and constitutive promoters sides are desirable to fine tune expression in a time dependent manner.
In P. pastoris only a limited set of methanol regulated promoters is known or anticipated [36] and we have
tested all putative nBDP with MUT promoters on one side (Fig. 1c).
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S 3: Normalization of the two fluorescent reporter proteins used for characterization of the BDPs in P. pastoris.
Bidirectional histone promoters and the monodirectional GAP and AOX1 promoters were cloned between the two reporter
genes eGFP (enhanced GFP) and dTomato (a red fluorescent protein variant [47]). Reporter gene fluorescence was
measured after (a) 60 h growth on glucose and subsequently after 24 h (b), 48 h (c) and 72 h (d) methanol induction. For
each construct and time point a normalization factor was calculated (e) by dividing the indicated eGFP value by the
dTomato values.

Experimental outline and extended discussion

Due to different maturation times, quantum yields, stabilities and signal amplification by the
fluorescence spectrometer used, the relative fluorescence measurements obtained from eGfp and
dTom are not directly comparable. It would also be possible that FRET (Forster resonance energy
transfer) is leading to biased results. We designed a set of controls and determined a normalization
factor between the two FPs. Therefore a set of promoters was cloned in forward and reverse
orientation between the two FPs. Subsequently the eGfp and the dTom signals of the same side were
compared. We included the monodirectional state of the art AOX1 and GAP promoters and three
bidirectional histone promoters. We also included controls vectors with only a single FP present and
cloned the HHX2 promoter in both orientations into these vectors (the second FP was omitted and
the promoter directly adjacent to the transcriptional terminator). These controls were performed to
check for effects of coproduction of two FPs vs. production of a single FP and possible FRET effects.
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Since we characterized constitutive and methanol inducible promoters, we compared the reporter
fluorescence obtained from growth on glucose and different time points of growth on methanol
(glycerol was also tested, but yielded similar results to glucose [data not shown]).

The normalization factors calculated from the different promoters (panel e) were in good agreement
for each single time point measured. However, the mean value of the ratio/normalization factor for
growth on glucose (a) was lower than for growth for 24 hours of methanol (b). When the cells were
grown for a 48 h (c) and 72 h (d) on methanol, the normalization factors leveled off at similar values
as on glucose. We assume that these effects are evoked by different maturation times of eGfp and
dTom; as the eGfp variant was selected for improved folding: After 60 h growth on glucose both
proteins have folded and accumulated, but after 24 h on methanol eGfp is folding faster than dTom
resulting in a higher eGfp/dTom fluorescence ratio. After 48 h and 72 h enough time has passed to
allow dTom folding, resulting in a similar ratio as on glucose. So for every measurement time point
the respective normalization factor has to be used. For the normalizations shown in the main
manuscript and the supplementary materials, the values of 60 h growth on glucose and 48 h
methanol induction were used. The reporter fluorescence remained linear at increased levels up to
at least three copies of a plasmid bearing the strong methanol inducible AOX1 promoter (data not
shown).

We had initially also tested alternative combinations of FPs and variants of Tomato (data not shown),
and found the eGFP and dTom combination most suitable.

Flow cytometry measurements (e.g. FACS) provide more detailed information on the cell population
measured, whereas the fluorescence plate reader measurements performed here give only a
cumulative signal of the entire population. However, the FACS machines available to us did not
provide the correct filter sets required for clearly discriminating the signals of eGFP and dTom. The
high throughput characterization of the 168 P. pastoris BDPs was also rendered possible by the
availability of monochromator based 96 well fluorescence microtiter plate format. Notably also
several filter based fluorescence plate readers considered did not provide by default the suitable
filter sets to discriminate eGfp and dTom fluorescence. We performed these extensive controls to
ensure reliability of our plate reader measurements.

S4

S 4: List of P. pastoris nBDPs tested, sBDPs generated, BTTs tested, S. cerevisiae and S. pombe promoters and detailed
carotenoid pathway assemblies and primers used. The respective information is provided in different sheets of the excel
file.

S5

S 5: Characterization of the natural bidirectional P. pastoris DAS1/DAS2 promoter, deletion variants of Pp,s;
and Pp,s;and regulatory elements selected form literature studies on the AOX1 promoter.

A) Genomic organization of the P. pastoris DAS1 and DAS2 locus (based on Figure 2 of Vogl and Glieder
[37]) and the promoter lengths tested in this study. Most promoter lengths were tested with a single
fluorescent protein (eGFP, indicated by single arrows), a subset also with two fluorescent proteins
(dTom and eGFP, double arrows). The Sbfl site in the 5 end of Ppasi-1000 and Ppasz-1000 Was used for
cloning the deletion variants outlined below and did not affect expression.

20/33
135



B) Reporter gene fluorescence measurements of the promoters shown in panel A. Fluorescence was
measured at the respective wavelengths after 48 h of methanol induction, for dTom the normalization
factor determined in S 3 was used.

C) Schematic overview on deletion studies on Ppasi.1000 fOr the generation of variants with altered
expression (panel E and Fig. 2c) and selected CRMs used for hybrid promoter design (Fig. 2d and S 5).
The deleted regions termed D1 to D8 were selected based on sequence similarities to the promoters
of methanol regulated P. pastoris genes (DAS1/DAS2, AOX1, AOX2, FLD1, FGH1, FDH1 and DAK1).
Similar stretches from pairwise alignments using ClustalO and LALIGN are shown. Stretches appearing
multiple times were selected for the deletions.

D) Same as C) for Ppass.1000- Binding sites of the methanol master regulator Mxr1 reported by Kranthi et
al. [61] are depicted.

E) Effect of single deletions (top panel DAS1, bottom panel DAS2)

F) AOX1 CRMs used shown schematically, highlithging previously deleted regions by Xuan et al. and
Harnter et al. [62,63]

Extended discussion

Selection of deleted regions

Deletion studies of promoters have been used in various organisms to identify regulatory regions and to generate
variants with altered expression levels applicable as promoter library for fine tuning gene expression [62,64]. Either
systematic deletions are performed (i.e. adjacent fragments [63,65]) or semi-rational considerations (such as the
prediction of transcription factor binding sites [62]) applied, as exemplified by studies on the P. pastoris AOX1
promoter [62,63,65].

Here we used a different approach to select relevant regions for deletion in DAS1 and DAS2 promoters (although
systematic deletion studies or TFBS predictions would likely yield similar results). Based on the recent finding that
several promoters of the P. pastoris methanol utilization pathway are similarly regulated [36], we reasoned that this
coregulation must be conferred by conserved sequence DNA stretches. Therefore we selected a set of eight
methanol inducible and glucose repressed promoters including the DAS promoters to search for shared elements
(DAS1, DAS2, AOX1, AOX2, FLD1, FGH1, FDH1 and DAK1). However, TFBS may be placed at different positions
between promoters. Studies on the P. pastoris methanol master regulator Mxrlp [61,66] showed that its binding
sites are arranged pairwise over the whole AOX1 promoter [66], whereas they are generally closer together in the
DAS2 promoter [61] (reviewed in [37] and compare the Mxr1 binding sites in S 5D and F). In addition yeast TFBS are
often short and degenerate exemplified by the Mxrl consensus sequence CYCCNY (N = any base, Y =Cor T) [61].

Performing a multiple sequence alignment of the eight MUT promoter sequences mentioned above using Clustal
Omega [67] in standard settings (http://www.ebi.ac.uk/Tools/msa/clustalo/) did not show clearly conserved regions

(data not shown). Therefore we performed pairwise comparisons of the DASI and DAS2 promoters with the other
promoters, including LALIGN analysis in the standard settings
(http://www.ch.embnet.org/software/LALIGN form.html, LALIGN is suitable to identify local sequence similarities

between two sequences). Sequences appearing multiple times were selected for deletion.

Effects of the single deletions

Several deletion variants showed up to 1.33 fold increased expression compared to the full length wildtype
promoters (1000 bp length) suggesting either removal of repressor binding sites or beneficial effects from
rearranging the spacing. Most strikingly, deletions D6 and D7 in the DASI1 promoter led to strong decrease in
expression (17 and 37 % of unmodified control), suggesting loss of a major activating region. Deletion of several
regions in Pp,s, also had a negative impact on reporter fluorescence, however not as drastically as in Pp,s; (62 % of
1000 bp unmodified control).
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S 6: P. pastoris (a), S. cerevisiae (b) and S. pombe (c) histone promoters used in this study and positions of regulatory
elements including strong MDPs as reference. In case of the P. pastoris promoters also the core promoters sequences
used for BDP engineering are shown. Extended background information on histone genes and nomenclature is provided
below. Sequences matching the yeast TATA box consensus sequence (TATAWAWR [68]) are indicated as red boxes, in the P.
pastoris promoters the distance of the TAT box to the start codon is indicated. Lengths of the promoters are indicated in bp
and strong reference promoters of the respective organisms are shown.

Extended discussion

Background on histone genes

Histones are highly conserved eukaryotic proteins required for packaging DNA into chromatin. DNA is wrapped
around a nucleosome consisting of four core histone: histone H2A (HTA), histone H2B (HTB), histone H3 (HHT) and
histone H4 (HHF) [38]. HTA+HTB and HHT+HHF form dimers, which are assembled into an octamer [38]. Therefore
HTA+HTB and HHT+HHF have to be produced in equal amounts which is typically achieved by their expression from a
shared bidirectional promoter. This genomic organization is evolutionary conserved between eukaryotes and has
been harnessed for phylogenetic studies of closely related taxa [69]. Additional histones such as the linker histone H1
(HHO) and various variants such as H2A.Z and CenH3 are also present in yeast, higher eukaryotes even contain more
HTA and HHT variants [38]. Since these variants are typically not organized bidirectionally, we focused in this study
on the four core histones (also referred to as ‘canonical’ [70] or ‘replication dependent’ [71] histones).

The function, structure and involvement in gene regulation of histones and their modifications were extensively
investigated in various model organisms. Histone promoters were also studied, as their expression is tightly linked to
the cell cycle [70,71] and been applied to drive heterologous gene expression in fungi [72,73] and plants [74].
However, the histone promoters were used as monodirectional promoters in these studies and not evaluated in
terms of their bidirectional potential. As P. pastoris histone promoters showed strongest bidirectional expression of
all housekeeping genes tested (Fig. 1c), we evaluated also S. cerevisiae and S. pombe histone promoters for
bidirectional activity.

Histone stem loop (HSL) 3’ ends in metazoans

Metazoan replication dependent histone mRNAs feature unusual 3’ ends: Unlike most RNA polymerase Il transcripts,
they do not contain poly(A) tails, but a unique, conserved histone stem loop (HSL) structure [70]. The HSL is relevant
for unique histone mMRNA properties such as stability and cell-cycle associated degradation [71], but also involved in
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translation initiation, fulfilling in this respect a similar function as the poly(A) tail [75,76]. In contrast to metazoans,
yeast (and most other non-metazoans) histone mRNAs are poly-adenylated ([75] and references therein).

We used canonical transcriptional terminators containing poly(A) signals for the characterizations of all the
bidirecitonal histone promoters reported in this work.

Nomenclature used in this study

We based the nomenclature used in this study on the gene names in S. cerevisiae where eight core histone genes are
known, organized in pairs in four genomic loci (HTA1+HTB1, HTA2+HTB2, HHT1+HHF1, HHT2+HHF2) [38]. We applied
the same systematic nomenclature to P. pastoris and S. pombe histone genes, where in part no three letter gene
identifiers have been assigned (organisms discriminated by the prefixes Pp, Sc and Sp). When referring to the locus
consisting of both genes we suggest the abbreviations HTX for HTA+HTB and HHX for HHT-HHF.

P. pastoris contains only a single HTA+HTB locus (PpHTX1) pair and two HHT+HHF loci (PpHHX1, PpHHX2) [Concerning
the two histone HHT+HHF loci, we named the locus on chromosome one HHX1 and the locus on chromosome two
HHX2]. S. pombe contains three HHT+HHF loci (ScHHX1, ScHHX2, ScHHX3), one HTA+HTB locus (ScHTX1) and an
additional single HTA2 gene.

Reference promoters used and histone promoter lengths

Controls of strong constitutive promoters in the respective organisms were included to assess the strength of the
bidirectional histone promoters. In P. pastoris the GAP promoter is the most commonly used promoter for
constitutive expression and the AOX1 promoter used for inducible expression [37]. In S. cerevisiae we used the
promoter of the translation elongation factor 1 gene (Ps.er;) previously characterized as a strong constitutive
promoter [28,77]. Also in S. pombe the promoter of the TEF1 gene (Ps,re;) previously reported as a strong
constitutive promoter [78] was used. All promoters were seamlessly fused to the reporter gene, providing the natural
context up to the start codon without any additional RE sites.

Bidirectional histone promoters condense the regulatory elements needed for the strong bidirectional expression on
short sequences compared to the monodirectional promoters. In most cases the monodirecitonal controls were as
long or at similar same length as the bidirectional promoters (Panel a to d). Still both bidirectional sides were giving
on both sides expression levels comparable to the MDPs (Fig. 1). This is reflected in higher expression efficiency
(expression strength per promoter length [in this study normalized fluorescence per bpl), calculated for P. pastoris
promoters in Fig. 2e.

TATA boxes and short core promoters/5’UTRs in yeast histone promoters

There are two groups of core promoters in yeast: 1) TATA box containing promoters and 2) TATA-less promoters [41].
The TATA box is bound by TATA-binding protein (TBP) required for initiating transcription, in TATA-less promoters
alternative factors are needed for transcriptional initiation. TATA box containing promoters are typically tightly
regulated, e.g. for stress response. TATA less promoters are rather constitutively active [41]. Strikingly all histone
promoters from the three yeasts contain clear TATA box motifs (red boxes in figure), which is in line with their tight
cell cycle associated expression [38].

The distance of the TATA boxes relative to the start codon is in most promoters remarkably short. In P. pastoris the
TATA boxes are 55 to 81 bp away from the start codon, compared to 160 bp in case of the well-studied P,ox; [79]
(panel a). We used the TATA boxes as a hallmark for determining the core promoter length. Short core promoters are
desirable tools for promoter engineering as they can be simply provided on a PCR primer. The methanol regulated P.
pastoris promoters used as parts repository for synthetic BDP design contain generally also TATA boxes [36]. To this
end we used the P. pastoris histone core promoters for the following design of sBDPs.

Note that the core promoter sequences we are using contain also the 5’ untranslated region of the natural histone
MRNAs, as it is difficult to functionally separate the core promoter and 5’UTR, as also sequences downstream of the
transcription start site (TSS) may affect its efficiency [79].

We used the TATA box motif as hallmark for core promoter/5’UTR selection and tested in part different lengths of
the promoters (panel a and extended discussion in S8 and S 9).
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S 7: Bidirectional P. pastoris histone promoters show increased expression on glycerol compared to glucose,
outperforming the strongest known constitutive promoter (Pgap [37]) up to 1.6-fold. This effect is even more pronounced
for truncated variants showing only expression from one side (up to 2.6-fold increased expression compared to Pg,p On
glycerol). The strains were grown for 60 h in quadruplicates (mean value and standard deviations shown) in 96-well plates
for 60 h in parallel in media containing 1% (w/v) glucose or glycerol. Reporter protein fluorescence was measured and
dTomato signals normalized as outlined in S 3. Fold differences are shown for selected comparisons.

Most commonly the promoter of the glyceraldehyde 3-phosphate dehydrogenase (pgap) is used to drive constitutive gene
expression in P. pastoris [37]. Psap requires cultivation on glucose as carbon source to reach highest expression, mRNA
levels on glycerol decreased to approximately two thirds [37,80]. However, it was shown that P. pastoris reaches higher
specific growth rates and higher amounts of biomass on glycerol than on glucose [81,82]. Histone promoters are known to
be cell-cycle regulated [38], which would results in our experimental setup in growth associated expression. We expected
that P. pastoris histone promoters should also show strong expression on glycerol. To this end we compared reporter gene
fluorescence of the histone promoters and Pg,p grown on glucose and glycerol. The strongest histone promoter (Ppry;)
reaches on glucose similar expression levels as Pgap. On glycerol, Pgap expression decreases, while some histone promoters
show elevated reporter protein fluorescence compared to glucose. Pyrx; even outperforms Pgsp 1.6-fold. The reporter
protein fluorescence is normalized per biomass (determined by ODgy, measurements) to rule out effects of different
biomass yields between the carbon sources.

Note that deletion/truncation of the core promoter from one side of the BDP increases in some cases the expression from
the other side. General implications thereof and systematic characterizations are shown and discussed in S 9c. These
truncation variants were also included here, to demonstrate that the beneficial effect of growth on glycerol and the
truncations are additive resulting in up to 2.6-fold higher expression than the Pg,p control.
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S8

S 8: Design considerations for bidirectionalizations and fusions promoters and synergistic and antagonistic effects
observed for fusions of inducible and constitutive promoters.

Combinations of Pp,s; and Pp,s, deletions

We generated methanol inducible BDPs with varying expression ratios by combing different monodirectional variants (Fig.
2c). We combined deletions showing increased reporter gene fluorescence in the monodirectional context (S _5E) into
improved BDPs (e.g. DAS2-D8+DAS1-D2, DAS2-D6+DAS1-D2D5) BDPs with decreased expression (DAS2-D5+DAS1-D6, DAS2-
386+Das1-D6) or altered ratios between both sides (DAS2-D8+DAS1-D6) were generated by fusing weaker monodirectional
variants. Ppass3gs and Ppas.os; are additional truncated variants to reduce expression from the DAS2 side (since
monodirectional Pp,s, deletions had only shown a decrease to 62 % of the unmodified control).

Synergistic and antagonistic effects observed for fusions of inducible and constitutive promoters
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A) Comparison of bidirectional Pgap, Purazasa and Pureisee fusions to methanol regulated
promoters (Ppasi-s52, Ppasz-699 and Pra;z.50:) With the single MDPs The same data shown in Fig.
2b and S 7 was rearranged to facilitate comparisons.

B) Changes in normalized reporter gene fluorescence of the fusions promoters compared to the
single MDPs from panel a were calculated.

Fusions of growth-associated/constitutive HTA1, HTB1 and GAP promoters to Ppss, reached on
methanol 1.3 to 1.8 fold increased expression compared to the single promoters (S 8). Notably, Psap
is typically downregulated on methanol ([37], S_3), whereas fusions to Ppss, showed increased
expression suggesting a transcriptional ‘spillover’ from the methanol inducible promoters. In
consistency with these results, the Pps;.699 fragment had also given high expression when fused to a
core promoter Fig. 2b, underlining the strongly activating effect on upstream fusions.
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Fusions of the same growth-associated/constitutive promoters to Ppas:.55, showed less pronounces

effects.

However all promoters fused to Pra,.50; Show decreased expression, on both carbon sources tested.
Most strikingly the fusion of Py .501 t0 Pyrar.464 Shows on methanol a 41 % decrease compared to the
Puraz.a62 Promoter alone, suggesting a moderate repressing effect of the Pr4.,.50; Sequence.

These results show that fusions of two differently regulated MDPs may interfere, affecting

expression strength. Synergistic and antagonistic effects vary even between similarly regulated

(methanol inducible) promoters. To this end, the properties of fusion promoters cannot entirely be

foreseen and should be tested with reporter genes. However, the synergistic effects can be

harnessed to design shorter, more efficient promoters and we expanded this principle for the design

of hybrid promoters (Fig. 2d).
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S 9: Detailed design considerations, supplementary control constructs for bidirectional hybrid promoters in P. pastoris

and extended discussion.
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A) Table on regulatory elements used for the bidirectional hybrid promoter design (see S 6a for
histone core promoters, S 5¢ for Ppass, S 5d Ppas; and S 5f for Paox; for illustrations of the
elements in the natural promoter context.

B) Reporter protein fluorescence of Histone core promoters alone and combinations of the
CRMs with a single core promoter. The HHX2 core promoter lengths tested alone do not
show any expression. Normalized fluorescence measurements after 60 h growth on glucose
and 48 h of subsequent methanol induction are shown. The monodirecitonal AOX1 promoter
is include as a control. The experimental cultivation conditions and the P,ox; control apply to
all panels.

C) Truncation of nBDPs (Pyrx1, Puuxi, Puuxz) and hybrid sBDPs (#6 to 8) on one side leads in 7/12
cases to increased expression on the other side. The nBDPs show the effect more
pronounced (5/6) than the sBDPs tested (2/6). The data on the histone promoters is also
shown in S 7 in comparison to Pgap and growth on glycerol. Values from growth on glucose
are shown for the nBDPs, growth on methanol for the sBDPs. Fold changes of the truncated
variant compared to the full length bidirectional promoter are shown.

D) Additional bidirectional hybrid promoter variants not included in Fig. 2d.

E) Additional monodirectional hybrid promoters (combinations of 2 CRMs with 1 core
promoter).

F) The first 302 bp of P,ox; do not show any detectable reporter protein fluorescence despite
containing two Mxrlp binding sites. Control constructs include the fusion of a Pps;-D5-D7L
activating sequence to the 302 core region, the AOX1 promoter upstream sequence without
a core promoter, a fusion of the upstream sequence to the HHF2-61 core promoter and the
full length wild type promoter.

Extended discussion

Selection of CRMs

Various synthetic monodirectional hybrid promoter have been engineered by fusing CRMs to core
promoters [64]. We extended this strategy to BDPs, by flanking CRMs with two core promoters in
opposite orientation. We used the short PoHHX2 histone core promoters (S 6 A) successfully applied
for bidirectionalization of MDPs (Fig. 2 A, S 8). Six short CRMs (30 to 175 bp) from methanol
regulated promoters (Paoxi, Ppasi, Ppasz) Were used. Namely, four elements form Pasox: (Paoxi-
HaD2+XuD, Paoxi-Raplext, Paoxi-TATAproxL/S, Paoxi-HaD6ext) and a single element from each Pp,s;
(Ppasi-D5-D7L/S) and Ppus, (Ppas>-D6-D8) were used.

CRMs from the AOX1 promoter were selected based on deletion studies from literature
([62,63,65,83] reviewed in [37]) and binding sites reported for the methanol master regulator Mxrlp
[66]. The CRMs of the AOX1 promoter contain Mxrl (zinc finger transcription factor and master
regulator of MUT genes in P. pastoris) binding sites and deletions within these regions strongly
effected expression [62,63,66]. Psox;-HaD2+XuD is a fusion of D2 region of Hartner et al. [62] and
region D of Xuan et al. [63] containing two Mxrlp binding sites [66]. P ox;-Raplext is a putative TFBS
reported by Hartner et al. extended to contain an Mxrlp binding site. Psox;-TATAproxL/S contains
two Mxrlp binding sites and several deletions in this region drastically effected expression. Due to its
proximity to the TATA box we refer to this CRM as ‘TATAprox’. P,ox;-HaD6ext is the region D6
characterized by Hartner et al. extended to comprise the adjacent Mxrlp binding site.
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CRMs from Pp,s; and Ppas, were selected based on deletion studies performed in frame of this work
(55) and Mxr1 binding sites reported in Pp4s, [37,61]. Variants with deletions of the regions D6 to D7
in the DAS1 promoter showed strongly decreased expression, suggesting the presence of a major
activating region. We extended this region to include the D5 region and tested it due to its close
proximity to the core promoter/TATA box in two lengths (termed Ppss;-D5-D7L and Ppus;-D5-D7S).
Deletions in the DAS2 promoter had not shown as drastic effects as in the case of Pp,s;, however
deletion of region D7 had notably reduced expression. We extended this sequence stretch to the
adjacent elements resulting in Ppas,-D6-D8.

CRMs adjacent to the core promoter/TATA box were in part tested in different lengths (Paoxi-
TATAproxL/S and Ppas;-D5-D7L/S; ‘L’ for long, ‘S’ for short) to probe for carryover effects of the core
promoter. The long variants of these CRMs were extended up to the TATA box (fusions of these
CRMs with core promoters reconstitute the natural position of the TATA box in both core promoter
and CRM).

Truncation of BDPs on one side leads in 7/12 cases to increased expression on the other side.

We had noticed in the deletion and truncations studies of Py, (Fig. 1f) that removal of the core
promoter from one sides increases expression from the opposite side. To confirm this effect we also
truncated the core promoters from the histone promoters P,rx; and Pyux; and synthetic bidirectional
constructs shBDP6 to shBDP8 (panel C). For Pyrx; we removed the 86 bp long HTB1-core promoter
(Pcoreyrsiss, S 6) resulting in a truncated Pyra; promoter of 464 bp (Puraisss). Vice versa the core
promoter removal/truncated promoter pair on the other side of Pury; is Pcoreyrai-si/Pursi-ase. The
pairs for Pyux: are Pcoreyyri-on/ Prrri-32s and Pcoreyuer-sof Purmi-aze FOr Punxe the truncations F1 and T1
already shown in Fig. 1f were used. For shBDP6 to shBDP8 we tested the CRMs flanked by two core
promoters simultaneously and also a single core promoter on each side (panel C).

In 7 of 12 cases removal of a core promoter increased expression from the other side (up to 1.5-fold).
This may be caused by transcriptional or translational effects: The two core promoters could be
competing for RNA polymerase 1l (RNAPIl) and general transcription factors. Alternatively
transcription could be unaffected and solely the protein level affected. Producing two FPs at the
same time may require more energy from the cell than expressing a single FP. If the burden of a
second protein is removed, translation of the single one may be stronger.

For Puux, we assume that the effect is transcriptional and not translation: In frame of the
normalization work to compare the two FPs used (S 3), we created constructs of the full length HHX2
promoter flanked by two FPs and one FP and one transcriptional terminator (in both orientations:
transcription terminator on the 5’ end [directly next to the promoter] and a FP gene on the 3’ end or
vice versa [terminator on the 3’ end and FP gene on the 5’ end]). Expression of these constructs was
not increased compared to coexpression of both genes simultaneously (S 3). Therefore we conclude
that P. pastoris cells have sufficient energy to produce two FPs at high levels and translation is not
the limiting factor. Truncating the HHX2 core promoters (thereby lacking binding sites for general TFs
and RNAPII) however increases expression on the other side (panel C), hinting that the effect is on
the transcriptional level.

Transcriptional ‘spillover’ in hybrid promoter
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In hybrid BDPs created by fusions of the growth-associated Pyyr2.7146 to glucose repressed/methanol
regulated CRMs, similar antagonistic/synergistic ‘spillover’ effects as seen with some fusion
promoters (S 8) were observed (hybrid promoters #9-14 in Fig. 2d). If the methanol regulated CRMs
were not fused to any additional sequences (S 9a) or other methanol regulated CRMs (Fig. 2d), they
were tightly repressed on glucose. However, if they were fused to the growth associated active Ppyr».
1146, they showed already on glucose clear reporter protein fluorescence. This effect depended on the
CRM, but suggests that the growth associated expression of the Puyyrries to glucose
repressed/methanol regulated CRMs partially alleviates the repression.

We did not observe so strong effects with fusion promoter (Fig. 2b), presumably as these promoters
were considerably longer and regulatory regions not directly adjacent. The use of insulator
sequences may also abolish the spill-over in hybrid promoters consisting of Puum.r146 fusions to
glucose repressed/methanol regulated CRMs.

The hybrid promoter assemblies and additional controls suggest different promoter architectures for

Paoxiand Ppas;

In all studies of the hybrid promoters, the CRMs close to the TATA box and the 3’ end of the AOX1
promoter did not show any activity (Paox:-TATAprox). This is surprising as a CRM from the DASI
promoter (Ppas;-D5-D7) stemming from a similar 3’ region close to the TATA box, does show strong
activation in all contexts tested (Fig. 2d and S 9).

These effects could be caused by an incompatibility of the AOX1 CRM with the histone core
promoters or indeed a lack of activating sequences.

We performed additional controls in S 9f, by testing the natural context of the AOX1 CRM fused to
the AOX1 core promoter (Paoxi-1.302)- This part alone did not show any detectable reporter
fluorescence. Fusion of the entire sequence upstream of the TATA box of the AOX1 promoter (Paox:-
160.940) to the histone core promoter of the HHF2 gene, showed expression matching the wild type
AOX1 promoter. The negative control of the Paoxi160.020 S€quence alone does not show any
expression. These experiments rule out that the problem is arising from the fusion to the histone
core promoter CRM. Fusion of the Ppss;-D5-D7 CRM to the Paoxi-1.302 Sequence restores Pyox; wild
type like expression levels.

It indeed seems that the TATA proximal region of P,ox; does not have any activating function
whereas the similar region in Pp,s;-D5-D7 leads to strong activation. It is also puzzling, that the TATA
proximal region of P4ox; contains two experimentally confirmed binding sites for Mxrlp, a master
activator for methanol inducible genes in P. pastoris [66]. The full length AOX1 and DAS1 promoters
are however similarly regulated (tight glucose repression, strong methanol induction Fig. 1c). These
results highlight the variability and flexibility of yeast promoters, achieving similar regulation by
vastly different promoter architecture.

$10

S 10: Extended discussion on applications of the BDP library (Fig. 3).

Extended discussion

Dual gene coexpression

Selection of gene pairs and BDPs

Cytochrome P450 enzymes are monooxygenases catalyzing typically hydroxylation reactions. Usually
a cytochrome P450 reductase (CPR) is required for electron transfer from the cofactor NADPH to the
CYP. The two genes coding for CYP and CPR need to coexpressed at a suitable ratio and were
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therefore used as a model system for applying our library of BDPs. P. pastoris was shown to be a
favorable expression host for CYP production [84]. We used human CYP2D6, one of several human
CYPs involved in drug metabolism in liver microsomes [85], and its associated reductase (codon
optimized for expression in P. pastoris).

Previously only the monodirectional AOX1 promoter either on separate vectors [84] or on the same
plasmid [50] has been used to drive both CYP and CPR expression in P. pastoris. Here we tested a
subset of BDPs from the library to optimize CYP and CPR coexpression. We applied strong, differently
regulated BDPs and omitted weaker ones since previous experiments had shown that CYP high CYP
activities were favored by P,ox; driven expression, even in multiple copies integrated in the genome.
The natural bidirectional methanol inducible DAS1-DAS2 promoter, a fusion of Psox; and Pgap
(combination of inducible and constitutive expression), a fusion of Psox; and Pcar; (inducible and
derepressed/inducible expression), a fusion of Pcar; and Pgap (derepressed/inducible and constitutive)
were tested in both orientations.

We also applied BDPs to fine-tune chaperone/foldase coexpression, a common strategy to increase
yields of proteins that are difficult to fold. We aimed to increase the secretion of the enzymes CalB
(Candida antarctica lipase B, Fig. 3b) and HRP (horseradish peroxidase, Fig. 3c) by coexpressing
protein-disulfide-isomerase (PDI). PDI helps in the formation of correct disulfide bonds and has also
chaperone activity assisting in correct folding in the endoplasmic reticulum (ER). We reasoned that
HRP and CalB may benefit from PDI coexpression since they contain four [86] and three [87,88]
disulfide bonds respectively.

We also included a terpenoid production application. Many plant derived pharmaceuticals such as
the anticancer drug taxol (paclitaxel) are not protein based, but highly complex chemicals derived
from isoprenoid/terpenoid structures. Taxol is only found in the bark of the pacific yew tree and two
to four trees have to be harvested to allow treatment of a single patient [89]. Taxadiene is the first
committed precursor of taxol, requiring two enzymes for synthesis: geranylgeranyl diphosphate
synthase (GGPPS) and taxadiene synthase (TDS) [42]. In previous studies in E. coli [42], it had been
shown to be critical to find the optimal ratio of expression. We aimed to balance expression of
GGPPS and TDS by using strong and differently regulated promoters.

Discussion of results and controls

Although all BDPs used showed strong expression with FPs, activity levels obtained with different
gene pairs varied considerably. Comparing the lowest and highest activity for CYP2D6 and HRP
coexpression gives a 5.2 fold difference (Ppasi-pasz VS. Pcariscap). FOr CalB there is a 7.8 fold difference
(Pcarispox: VS. Punraunez [comparing the methanol induced values]), for HRP there is a 4.9 fold
difference (Paoxi+cap VS. Punrao-tnez). Yields in taxadiene production varied even approximately 50-fold
(Ppasz-past VS. Pgap.cari). Also the best and worst promoters varied between the constructs,
demonstrating that testing various promoters for optimal coexpression is a feasible strategy.

CYP2D6 and CPR activity was measured using a whole cell bioconversion assay with the substrate 7-
methoxy-4-(aminomethyl)-coumarin (MAMC). We used a strain expressing CYP2D6 and the CPR from
two monodirectional AOX1 promoters as control. Constitutive promoters (fusion of GAP+TEF1
promoters in both orientations) did not show any detectable expression, neither after growth on
glucose (data not shown) nor on methanol (Fig. 3a). We assume that constitutive expression of these
two ER localized proteins may exert too much stress on the cells, leading possibly to UPR (unfolded
protein response upregulation) and degradation by ERAD (ER-associated protein degradation). Since
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the constitutive Pgap.7erz fusion had not provided any expression, we did not test histone promoters,
since their cell cycle [38] (and thereby growth-associated expression) is similar to constitutive
expression.

Concerning methanol inducible expression shown in (Fig. 3a), the construct bearing the natural
bidirectional DAS1-DAS2 promoter gave highest activity, in case the DAS1 weaker side was expressing
CYP2D6 and the stronger DAS2 side expressing CPR. There is general a trend, that higher activities
are achieved from the BDPs when the stronger side is pointed towards expression of the CPR (e.g. in
Peapiaoxi, the Paox: side is stronger on methanol [Fig. 2b], in Pcarisgar, the Pcar; side is stronger on
methanol).

For taxadiene production, we noticed about 100-fold decreased transformation rates if the GGPPS
gene was under control of a constitutive promoter. The few colonies growing on the transformation
plates did not show any detectable taxadiene production. We assume that strong constitutive GGPPS
expression is lethal; the few colonies obtained from transformation of constitutive GGPPS expression
integrated likely only the resistance marker cassette or an inactive GGPPS gene (data not shown).

All inducible promoters showed detectable taxadiene levels with most yielding less than 1 mg/L.
However, the Pgap.car: promoter yielded 6.2 mg/L. This yield was achieved by transformation of a
single plasmid and standard cultivation conditions. Even in heavily modified S. cerevisiae strains only
8.7 mg/L were achieved [43], highlighting the potency of transcriptional fine tuning using BDPs and P.
pastoris as a host for pathway expression and terpenoid production. We presume that the
exceptionally high yield of this construct is mostly attributable to the use of Psr; to drive expression
of the GGPPS gene. Also in the second best construct (Psox:i.car1), the GGPPS was under control of
Pcari. Pear: is a derepressed promoter, i.e. expression is starting once the glucose in the media is
depleted. Per; is further strongly induced by methanol [36]. So in the top producing strain, the
GGPPS gene was at first repressed, partially activated in the depressed phase and fully activated on
methanol. Therefore not only the ratio/strength of the promoters, but also the regulatory profile
appears to be an important component, that can be easily optimized using the versatile library of
BDPs.
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S 11: Bidirectional transcription terminators (BDTs) required for the assembly of bidirectional multi gene
coexpression relieve expression loss associated with transcriptional collision. A reporter construct for testing
bidirectional transcription termination was assembled (small inlet). Two genes coding for the fluorescent proteins
eGfp and dTom were cloned in convergent orientation, separated by a stuffer fragment (not shown). Two AOX1
promoters were used to drive expression of the reporter genes. The stuffer fragment was cleaved out and replaced
with bidirectional terminator sequences. Monodirecitonal terminators (MTTs) were combined into bidirectional
fusion terminators and two putative natural BDTs were tested. We included a control lacking termination sequences
and bearing solely a Notl restriction site (the stuffer fragment was flanked by two Notl sites, after cutting out the
stuffer fragment, the backbone was self-ligated, resulting in eGFP and dTom directly adjacent only separated by the
Notl site). In addition control constructs were included, where only a single AOX1 promoter and a single FP are
present. These constructs contain the AOX1* terminator. AOX1TT* denotes the AOX1 terminator sequence used by
Vogl et al., unpublished results. Mean values and standard deviations of fluorescence measurements after pre-
growth on glucose followed by methanol induction of biological quadruplicates are shown.

Extended discussion

Background

If multiple genes are to be coexpressed in a single expression cassette using bidirectional promoters, the assembly of
more than three genes requires arranging genes in convergent orientation (see the bidirectional assembly in Fig. 3d
or S 1d (the transitions between G2+G3, G4+G5 and G6+G7 require a BDT). Lack of a terminator in this context
results in transcriptional collision [90] as polymerases transcribing opposite DNA strands in convergent orientation
stall upon collision in S. cerevisiae [91]. Therefore we aimed to identify efficient BDTs for P. pastoris.

Selection of the terminators

We have tested 20 monodirectional P. pastoris terminators in previous studies (Vogl et al., unpublished results). Also
heterologous terminators from S. cerevisiae were active in P. pastoris and also included in this study. Here we
combined selected MDTs into 11 bidirectional fusion terminators by linking them in convergent orientation. This
strategy is similar to the design of bidirectional fusion promoters outlined in Fig. 2b,c. Alternatively, natural BDTs
(nBDTs) could be used as the P. pastoris genome harbors 1461 putative BDTs from genes in tail to tail orientation
(Fig._1b). The P. pastoris TEF1 terminator (Tz;) and the S. cerevisiae Tp; appeared to be such nBDTs. In the
previously used terminator sequences (approximately 250 bps), the C-terminus of ‘Glycine dehydrogenase
[decarboxylating], mitochondriala’ is annotated at 204 bp in Tr; and the ScPEX19 gene ends within the previously
used T pp; Sequence forming a putative 127 bp BDT. We included these two short nBDTs in the study.

Results

The bidirectional terminators were cloned seamless (i.e. maintaining the natural transition between stop codon and
terminator without any additional restriction sites) in a reporter vector containing two fluorescent reporter proteins
in convergent orientation (see caption). Complete lack of a termination signal in this context (negative control of a
Notl site between the reporter genes) resulted in 5.6 to 9.2 fold reduced reporter gene fluorescence (compared to
monodirectional single reporter constructs with proper termination signals). These results suggest that
transcriptional collision occurs to similar extents in P. pastoris as reported in S. cerevisiae [90,91], suggesting a
relevant issue for bidirectional pathway assembly. Providing either fusion terminators or nBDTs restored reporter
protein fluorescence to different extends of the controls. The terminator in the single promoter and single FP
controls was T,ox;+ the strongest MTT from previous unpublished work. Therefore it is not unexpected that
combinations of weaker MTTs reach lower reporter protein fluorescence. All termination signals showed clear
improvements towards the no terminator control. Tpasisaoxirrs Tespispasz @aNd Trgpiraox: Provided on both sides
approximately similar reporter fluorescence matching the controls. Also the nBDTs tested showed clear terminator
activity. In case of Tspexi0.0p1, the IDP1 side is considerably stronger than the PEX19 side, which gives the weakest
reporter fluorescence of all BDTs tested, however still clearly surpassing the no terminator control. Tgpy1.7er; reaches
on both sides about similar reporter fluorescence of about half of the single reporter controls. This signal is rather
low compared to the best fusion BDTs tested. However the nBDTs tested are with 127 bp and 204 bp considerably
shorter than the fusion promoters (approximately 500 bp in length) and may become valuable tools for assembling
short bidirectional multi gene expression cassettes. Given the presence of 1461 putative BDTs in the P. pastoris
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genome and the enrichment of short sequences below 200 bp (Fig. 1b), it should be possible to obtain even more
efficient nBDTs.

We were not particularly successful in obtaining flexible nBDPs (Fig. 1c), as they provided only limited combinations
of regulatory profiles, cumulative expression levels and ratios. However, we assume that the function of nBDTs is
more universal and it should be easier to find suitable nBDTs. To this end, while sBDPs are more flexible and
applicable tools for metabolic engineering or synthetic biology than nBDPs, nBDTs appear as sufficient tools for these
applications, not necessarily requiring sBDTs.

Autonomously replicating sequence (ARS) function of the terminators generated

No Terminator (Notl site) Tpasisaoxt* Trsp1+Das2

PpARS1

Tscspas+sciopt

TapHz+P1P20 TscusxssTe11

i

TFBP1 +AOX1*

In S. cerevisiae, transcription termination and autonomously replicating sequence function are associated [92]. In
previous unpublished work on P. pastoris MTTs we also noticed that some terminators showed ARS function.
Terminators with ARS function should be avoided as they may lead to increased background growth and strain
instability of episomally replicating sequences (Vogl T. et al. unpublished results). Therefore we tested all BDTs
reported here for ARS function by transforming 10 ng of the circular plasmids. We included a positive control of a P.
pastoris ARS sequence [93] cloned into the vector backbone of the P. pastoris plasmid used [This control was also
included in previous work on MTTs]. The positive control showed pronounced growth of a few dozen colonies. The
no terminator/empty vector/negative control (lacking a terminator and containing just a Notl site arising from self-
ligating the vector) and most BDTs tested showed no or very few colonies. Few colonies are not a clear evidence for
ARS function, as also circular plasmids can integrate into yeast genomes [94]. However circular plasmids show much
lower efficiencies than linear DNA providing free ends [94] (which are typically generated for P. pastoris
transformations by linearizing the plasmids). Interestingly, combinations of S. cerevisiae terminators showed clearest
ARS function (with Ts.spes+scppr being somewhat surpassing Tsepamosscrspzs aNd Tscusxssriz judging from the colony sizes).
These results are in line with characterizations of the MDTs, where Ts.spgs and Tgpp; had also shown clear ARS
function [36]. The monodirectional T s had previously also shown termination function. Remarkably,
monodirectional versions of Tg.gye had not shown colonies and Tg.sp26 had shown only few colonies that we had not
considered ARS function. Combination of these two sequences into Tsprmosscuse2s did however show substantial ARS
function, comparable to Ts.ygxs.7r:- We recommend therefore testing for ARS function of newly assembled BDTs to
avoid issues with ARS background colonies and strain stability.
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Membrane proteins are the largest group of human drug targets and are also used as biocatalysts.
However, due to their complexity, efficient expression remains a bottleneck for high level production. In
recent years, the methylotrophic yeast Pichia pastoris has emerged as one of the most commonly used
expression systems for membrane protein production.

Here, we have analysed the transcriptomes of P. pastoris strains producing different classes of
membrane proteins (mitochondrial, ER/Golgi and plasma membrane localized) to understand the
cellular response and to identify targets to engineer P. pastoris towards an improved chassis for

membrane protein production.

Microarray experiments revealed varying transcriptional responses depending on the enzymatic
activity, subcellular localization and physiological role of the membrane proteins. While an
alternative oxidase evoked primarily a response within the mitochondria, the overexpression of
transporters entering the secretory pathway had a wide effect on lipid metabolism and induced the
upregulation of the UPR (unfolded protein response) transcription factor Haclp. Coexpression of P.
pastoris endogenous HAC1 increased the levels of ER-resident membrane proteins 1.5- to 2.1-fold.
Subsequent transcriptome analysis of HAC1 coexpression revealed an upregulation of the folding
machinery correlating with an expansion of the ER membrane capacity, thus boosting membrane
protein production. Hence, our study has helped to elucidate the cellular response of P. pastoris to the
expression of different classes of membrane proteins and led specifically to new insights into the effect
of PpHaclp on membrane proteins entering the secretory pathway.

Introduction

Membrane proteins (MPs) are the most common group of drug
targets, with over 50% of prescription drugs targeting human MPs.
The in-depth characterization of these MPs has become a major
interest of pharmaceutical biotechnology, as solving their structures

Corresponding author: Freigassner, M. (maria.freigassner@gmail.com)

provides a basis for in silico docking studies and structure-based drug
design [1]. Additionally, MPs such as cytochrome P450 enzymes
offer versatile reactions for bioconversions (e.g. hydroxylation) in
industrial biotechnology [2].

However, MP expression is difficult as it requires a suitable
balance between translation, folding and trafficking to ensure
that functional proteins end up in the membrane. Strong MP
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overexpression can overwhelm the cellular machinery, thereby
resulting in misfolding and degradation [3]. The optimization of
MP expression is challenging, as various factors such as the pro-
moter system, sequence-specific properties, the host’s cellular
milieu, the availability of defined lipids and the cultivation con-
ditions strongly affect MP yields [4]. Especially the host system
itself can cause major hurdles for MP overexpression, and lack of
understanding of molecular mechanisms and routes in MP bio-
synthesis often leads to numerous ‘trial and error’ experiments
with little prospect of success. Classic optimization of MP over-
expression has mainly relied on case-by-case variations of extrinsic
(pH, temperature and aeration) and intrinsic parameters (promo-
ter strength, expression as fusion proteins or with tags, introduc-
tion of mutations to increase stability, coexpression of
chaperones) rather than attempts to become better acquainted
with bottlenecks encountered during expression [5-7]. Recently, -
omics methods, most notably transcriptomics based on microar-
rays, have been used to deepen our understanding of the host
response to MP production on a molecular level [1,8,9]. This
research has mainly been performed using the ‘classic’ yeast
Saccharomyces cerevisiae and led, in several cases, to substantial
improvements [10].

The methylotrophic yeast Pichia pastoris has been used routinely
for the heterologous expression of a large number of industrially
relevant biocatalysts and pharmaceutical proteins [11,12]. In the
last decade P. pastoris has also become one of the most commonly
used expression systems for MPs [13] and many structures of MPs
have been solved from material produced in P. pastoris (recently
comprehensively reviewed by [14-20]).

There have also been efforts to study protein production in P.
pastoris by a systems biology approach using -omics methods, most
notably by the labs of D Mattanovich and P Ferrer. A key interest of
these systems biology studies was to understand how P. pastoris
reacts to the overexpression of heterologous secreted proteins.
First transcriptome studies were performed with heterologous
arrays from S. cerevisiae, as P. pastoris had not been sequenced at
this time [21,22]. After the establishment of these heterologous
hybridization methodologies and first results of the effects of
heterologous protein expression on P. pastoris [21], this system
was used to identify novel targets to improve secretion by char-
acterizing the effect of the secretion of human trypsinogen on P.
pastoris [22]. After sequencing of the P. pastoris genome [23-25],
the first P. pastoris specific microarrays were developed [26] and
used to investigate the effect of the overexpression of HACI, the
main regulator of the UPR (unfolded protein response) (see [27] for
a recent review). The response of P. pastoris to misfolded proteins
and the role of Haclp have also been studied using RNA-seq [28],
and a proteomics approach was used to investigate the host
response to secretory protein production [29,30]. P. pastoris spe-
cific arrays were also combined with a FACS (fluorescence activated
cell sorting) analysis to identify secretion enhancing factors [31].
Further studies on new secretion enhancing factors revealed the
importance of membrane homeostasis and the secretory pathway
trafficking machinery [32] and also the effects of different oxygen
conditions on P. pastoris [33,34].

Many MPs also enter the secretory pathway but in contrast to
secreted proteins, they accumulate either in the ER, Golgi or the
plasma membrane. However, as previous transcriptomics studies

have focused on secreted proteins, little information is available
specifically on the effects of MP production on P. pastoris. To
bridge this gap, we aimed to characterize the transcriptional
response of P. pastoris to MP expression in order to gain an in-
depth insight into MP biosynthesis and to track putative bottle-
necks and targets for strain improvements. We started from a
generic pipeline to rapidly express MPs in P. pastoris using C-
terminally fused green fluorescent protein (GFP) as the indicator
of expression levels. We have used this platform as a basis to
express different classes of MPs (mitochondrial, ER/Golgi and
plasma-membrane localized) and we studied the transcriptional
response to the production of three MPs using DNA microarrays.
From the results of this work Haclp appeared to be a promising
target for strain engineering and we have therefore characterized
the effect of PpHAC1 coexpression on MP yields and the cellular
transcriptome.

Materials and methods

Strains and chemicals

P. pastoris CBS 7435 (Centraalbureau voor Schimmelcultures,
Utrecht, The Netherlands) was used as the host strain for all
experiments. Chemicals and detergents were either purchased
from Carl Roth GmbH (Karlsruhe, Germany), Anatrace Inc. (Mau-
mee, OH) or Sigma-Aldrich Inc. (St. Louis, MO), unless stated
otherwise. For cultivation of P. pastoris, full media (YPD: 10 g L™!
yeast extract, 20 g L' peptone, 20 g L' p-glucose) or buffered
minimal media (200 mm potassium phosphate pH 6.0;
13.4 gL’1 yeast nitrogen base w/ (NH4),SO4 w/o amino acids;
0.4 mg L~! p-biotin) supplemented with glycerol (0.5%, v/v final
concentration; BMG 0.5%) or methanol (1 and 5% (v/v) for BMM2
and BMM10, respectively) were used, with components bought
from BD (Franklin Lakes, NJ).

Construction of expression cassettes and plasmids

5’ (AOX1 promoter) and 3’ flanking regions (AOX 1 terminator and Sh
ble resistance marker cassette) of the expression cassette were ampli-
fied from the plasmid pPICZ B (Invitrogen Corp., Carlsbad, CA),
using the primers 5'-gatctaacatccaaagacgaaagg-3' (P(AOX1)-fw)/5'-
catggttgaattcctcgtttcgaataattagttg-3' (P(AOX1)-rv) and 5'-gtcaga-
tagcgaggtcactcagtccgaacaaaaactcatctcagaagaggatc-3' (synAOX1TT-
fw)/5’-agcttgcaaattaaagecttcgage-3' (CycTT-rev) for promoter and
terminator-Zeocin regions, respectively. All sequences for the mem-
brane-protein-GFP-Hisg constructs were amplified from S. cerevisiae
plasmids [35] with primers 5'-gagaagatcaaaaaacaactaattattcgaaac-
gaggaattcaacc-gene-3' (MP-fw) and 5'-ctgagatgagtttttgttcggactgagt-
gacctcgctatctgacttaatgatgatgatgatgatgatg-3' (GFP-1v); ‘gene’ denotes
a 25-bp gene-specific sequence. The full-length expression cassette
was then assembled by overlap extension PCR [36,37] using Phusion
High Fidelity DNA polymerase. To create reference strains, GFP-Hisg
was expressed as cytoplasmic protein, using the linear expression
cassette strategy as described [38].

This study focused on expression of the following MPs: alter-
native oxidase from P. pastoris (PpAodp) [SwissProt: A4K8T8§],
human CMP-Sia transporter (HsCstp) [SwissProt: P78382], copper
transporter Ctr3 from S. cerevisiae (ScCtr3p) [SwissProt: Q06686],
rice (Oryza sativa) CMP-Sia transporter (OsCstp) [SwissProt:
Q6Z1.17] and human copper transporter Ctrl (HsCtr1p) [SwissProt:
015431].
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For the coexpression of P. pastoris HACI', the sequence corre-
sponding to the activated HACI gene (Locus ID: chrl-1_0381) was
assembled from genomic DNA using primers 5'-gaaagaattcaac-
catgcccgtagattcttctcataag-3’  (EcoRI-PpHacl-fw) and 5'-tgcat-
tagcggtaaatggtgctgctggatgatgcaaccgattcgactcg-3’ (PpHac1-1v1)
for the 5’ exon. The sequence coding for the 3’ exon was attached
by a two-step PCR using primers EcoRI-PpHacl-fw and 5'-gaata-
caaagtcatttaaatcaaatgcattagcggtaaatggtgctge-3’' (PpHacl-1v2) and
5'-ttgagcggccgcttattcctggaagaatacaaagtcatttaaatcaaatge-3’  (Notl-
PpHac1-rv3). HACI' was cloned into plasmid pPpKan, linearized
with BamHI and transformed into the respective MP expressing
strains, using G418 as selection marker.

Transformation of P. pastoris and screening of transformants
The correct full length cassettes or linearized plasmids were used
for transformation of P. pastoris [39], clones were selected on the
respective selective media (Zeocin™ (InvivoGen, San Diego, CA)
or G418 (Roth GmbH), final concentrations of 80 ug mL~! or
300 wg mL ™).

After 2 days of incubation at 28°C, transformants were picked
and resuspended in 250 pL of BMG 0.5% in 96-well plates. Cells
were grown for 48 hours at 28°C, 320 rpm, 80% humidity before
methanol induction. Before adding methanol, cells were replica-
plated on MD plates (13.4 g L™! yeast nitrogen base w/ (NH,),SO,
w/o amino acids; 2% glucose (w/v); 0.4 mg L~ p-biotin). Metha-
nol was added at a final concentration of 0.5% (v/v) after 48 hours
growth on BMG 0.5%. Methanol induction was repeated after 12,
24 and 36 hours. In order to screen for high-level expressors,
samples of 50 nL were taken after 0, 12, 24 and 48 hours and
diluted in 150 pL ddH,O. GFP fluorescence was monitored at
512 nm using an excitation wavelength of 488 nm with a Spec-
tramax Gemini XS microplate reader (Molecular Devices, Sunny-
vale, CA, USA). In order to compare expression levels, all
fluorescence values were normalized by the ODsgs.

Selected expression clones were analysed by in gel-fluorescence;
therefore, cells were collected at 3200 x ¢ (10 min; 4°C) and resus-
pended in 500 pL breaking buffer (50 mwm Tris/HCI, pH 7.6; 50 mm
EDTA; 10% glycerol (v/v); 1x complete protease inhibitor cocktail,
Roche Applied Science, Basel, Switzerland) and transferred to a
2 mL screw-capped tube containing 150 pL of acid-washed glass
beads (425-600 pm; Sigma, St. Louis, MO). Cell disruption was
performed with a tissue lyser (Qiagen, Chatsworth, CA) for 10 min
at 30,000 Hz (4°C). After spinning down residual cell debris and
unbroken cells (16,000 x g; 4°C, 1min), the supernatant was
collected in a new tube and the disruption was repeated once
with the pellet. Crude membranes were isolated from collected
supernatants by centrifugation at 16000 x g, 4°C for 90 min and
resuspended in 10 pL loading dye (50 mm Tris/HCI, pH 7.6; 5%
glycerol (v/v); 5 mm EDTA; 50 mMm DTT; 0.02% bromophenol blue
(w/v)). Resuspended MPs were separated on a 12% Tris/glycine gel
(Invitrogen Corp.). Before staining the gel was analysed for GFP-
fluorescence using blue light (460 nm) for excitation with a 515-
nm filter cut-off on a G:Box bioimager (Syngene, Cambridge, UK).

Laboratory-scale bioreactor cultivation of P. pastoris

Fed-batch cultivation was performed in 1 L computer-controlled
DASGIP fedbatch-pro® bioreactors (DASGIP AG, Juelich, Ger-
many), with a final working volume of 500 mL at 28°C. The batch

medium consisted of H;PO, 85% (21 mLL™Y), CaSO,2H,O
0.9 gL, MgS0,47H,0 (12.2gL™1), K804 (14.3gL™1), KOH
(3.3 gL™"), mineral trace salt solution (PTM, 4.35 mLL™!) and
glycerol at a final concentration of 1% (v/v). The initial batch
phase of 12 hours was followed by a 9-hour exponential fed-batch
phase with glycerol, at a specific substrate consumption rate of
0.25gg 'hour ! and a specific growth rate of 0.15hour '
Methanol induction was then initiated with a constant feed of
pure methanol (3 mL hour™'). Culture pH was maintained at 6.0
by the addition of 25% NH4OH (v/w) or phosphoric acid 85%, as
needed. The inoculum was prepared by inoculating a single colony
in 50 mL BMGY in a 250-mL baffled shake flask and subsequent
growth for 24 hours at 28°C. From this flask, 10 mL was withdrawn
every 6-12 hours to measure biomass and protein yield during the
course of the cultivation.

Cell disruption, FSEC, purification of GFP fusion proteins

After harvesting cells at 3000 x g (10 min, 4°C), cells were resus-
pended in disruption buffer (100 mm Tris/HCl pH 7.5; 150 mm
NaCl, 10% glycerol, supplemented with protease inhibitors;
10 g CWW/100 mL buffer) and lysed using a Merckenschlager
homogenizer. Cell disruption was repeated twice. After removing
unbroken cells and cell debris (12,000 x g; 15 min; 4°C), mem-
branes were collected at 100,000 x g (90 min; 4°C). Pelleted mem-
branes were resuspended in disruption buffer using a Dounce
homogenizer, flash frozen in liquid nitrogen and stored at —80°C.

A panel of different detergents (n-decyl-B-p-maltoside, n-dode-
cyl-B-p-maltoside, n-octyl-B-p-glucoside, LDAO, Fos-choline-12)
was tested for their ability to release the GFP fusion protein from
the membrane while retaining monodispersity, and fluorescence-
based size exclusion chromatography (FSEC) was performed as
described previously [35,40].

For purification of GF-MP fusions, Ni-NTA chromatography was
employed, as described in [41]. Following isolation, the MP was
released from the fusion protein in an overnight digest using
equimolar amounts of His;o-tagged TEV-protease at 4°C, per-
formed in a dialysis mode to remove imidazole. In a subsequent
Ni-NTA purification, TEV-protease, GFP and unprocessed GFP
fusion were separated from the recovered MP, which was collected
as flowthrough, concentrated to approx. 10 mg mL~! and ana-
lysed for its purity and monodispersity by SDS-PAGE and size
exclusion chromatography (Superose 6 10/300; GE Healthcare;
buffer: 20 mm Tris/HCI, pH 7.5; 200 mm NaCl, 0.03% DDM).
Protein concentrations were assessed with the bicinchoninic acid
assay (BCA), using bovine serum albumin as standard. Purified
proteins were analysed by SDS-PAGE after staining with Coomassie
brilliant blue.

Microscopy

Confocal fluorescence microscopy was performed with a Leica AOBS
SP2 MP instrument. Before analysis cells were washed and resus-
pended in 100 mwm potassium phosphate buffer, pH 6.0. For staining,
MitoTracker®™ Red CMXRos and the vacuole-sensitive dye FM® 4-64
were used according to the manufacturer’s instructions.

For co-immunoprecipitation, cells grown in the presence of
methanol were fixated with 3.7% (v/v) formaldehyde (in buffered
YPD medium) for 2 hours. Cell lysis was performed with zymolyase
20T for 60 min at 30°C. Cells were then immobilized on a slide
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coated with poly-L-lysine and incubated for 30 min with a primary
antibody directed against a 75-kDa ER marker protein of P. pastoris
[42].

For electron microscopy, cells were harvested in the early sta-
tionary phase by centrifugation and washed three times with dist.
water. Subsequently, cells were fixed for S min in a 1% aqueous
KMnOy solution at room temperature, washed with dist. water and
fixed in a 1% KMnOy solution for 20 min again. After four wash
steps using dist. water, cells were incubated in 0.5% aqueous
uranyl acetate overnight at 4°C and dehydrated in a 4-step process
with increasing concentrations of ethanol (50%, 70%, 90%, and
100%). Pure ethanol was then exchanged by propylene oxide, and
specimens were gradually infiltrated with increasing concentra-
tions (30%, 50%, 70% and 100%) of Agar 100 epoxy resin (Agar
Scientific Ltd., Stansted, England) mixed with propylene oxide for
a minimum of 3 hours per step. Samples were left overnight in a
1:1 mixture of Agar 100 epoxy resin and propylene oxide. Infiltra-
tion was continued the next day using previously stated mixtures
of Agar 100 epoxy resin and propylene oxide. Samples were
embedded in pure, fresh Agar 100 epoxy resin and polymerized
at 60°C for 48 hours. Ultrathin sections of 80 nm were stained with
lead citrate and viewed with a Philips CM 10 transmission electron
microscope.

Microarray analysis

For RNA isolation, cells were grown in biological duplicates in 1-1
baffled shake flasks (150 ml cultivation volume) to an ODs95 of 1.0
at 30°C using glycerol 1% (v/v), before protein expression was
induced by switching to methanol 0.5% (v/v). Cells were sampled
6 hours after induction and compared to GFP expressors cultivated
under identical conditions. Total RNA was isolated using the
RiboPure™ Yeast RNA kit (Ambion, Austin, TX). Purity and integ-
rity were assessed with the Agilent Bioanalyzer 2100 using the RNA
6000 Nano Assay kit (Agilent Technologies, CA). Of the total
isolated RNA, 10-15 pg was used as starting material for reverse
transcription of mRNA and cDNA labelling using the One-Cycle
Target Labeling Kit P/N 900493 (Affymetrix, Inc., Santa Clara, CA,
USA) to obtain roughly 70-100 pg of labelled cDNA. During RT
and labelling, 4 Bacillus subtilis genes (lys, phe, thr, dap) were spiked
as controls at given final ratios of copy numbers (1:100,000;
1:50,000; 1:25,000; 1:6667). Labelled cDNA was quantified photo-
metrically using a ND-1000 Nano-Drop Spectrophotometer
(Thermo Scientific, Wilmington, US) and the concentration was
adjusted to 0.5 ug wL~". Before hybridization, cDNA was fragmen-
ted by heat shock (94°C, 35 min). After addition of probe array

TABLE 1

controls (GeneChip Eukaryotic Hybridization Control Kit, P/N
900454, Affymetrix), hybridization of labelled cDNA to the P
pastoris microarrays (PPA01a520396F) was performed at 45°C for
16 hours while gently rotating. Once hybridization was com-
pleted, chips were washed and stained using the EukGE-WS2v5
protocol.

Data evaluation (normalization and scaling) was performed
with the package limma [43] within R [44]. Genes were considered
to be differentially expressed if expression levels of the averaged
biological replicates changed by at least 1.5-fold and Benjamini-
Hochberg adjusted p-values were below 0.05. Finally, transcripts
not annotated were excluded from further analysis. All annotated
genes were categorized in GO biological processes according to
the SGD GO slim tool (http://db.yeastgenome.org/cgi-bin/GO/
goSlimMapper.pl).

Results and discussion

Platform for fast expression of membrane proteins in P. pastoris
We started with the expression of MPs of different classes and
organisms to create production strains for the subsequent tran-
scriptome analyses. Namely, we expressed a copper transporter
from S. cerevisiae (ScCtr3p), a human CMP-sialic acid transporter
(HsCstp) and the alternative oxidase from P. pastoris (PpAodp).
ScCtr3p, in its natural host, is inserted into the plasma membrane,
whereas the HsCstp resides in the ER/Golgi and PpAod is a mito-
chondrial MP (Table 1).

Expression levels of MPs are difficult to assess rapidly, as most
enzymatic activity assays for MPs require the isolation and pur-
ification of the subcellular membrane fraction containing the MPs.
Therefore, MP detection systems have been developed in which
GFP is C-terminally linked to the MP, allowing detection of the
fusion proteins from intact cells via fluorescence measurements
[40,45]. Comparable systems have also been successfully used in P.
pastoris [46,47]; therefore we set up a similar, universally applicable
platform to express our set of target proteins (Fig. 1). For fast
cloning, the expression cassettes were assembled by overlap exten-
sion PCR, linking the AOX1 promoter (P4ox;) and the MP-GFP
fusion gene to the AOX1 transcriptional terminator region plus a
resistance marker cassette (Zeocin), as described previously [38].
Expression levels and amounts of membrane-integrated protein
were estimated from the fluorescence of the GFP fusion proteins
from whole-cell cultures, cellular membranes in solution and SDS-
polyacrylamide gels [45], while stability and monodispersity of the
fusion protein were monitored in crude detergent extracts of
membranes before purification by fluorescence size-exclusion

Properties and expression levels of the membrane proteins used in this study. Information on the origin of the proteins, their
localization, number of transmembrane helices (TMH) and volumetric yields of the membrane protein-GFP fusion proteins (cyp) are
given. Mean value and standard deviation of three experiments are given

Abbreviation Protein Organism Localization Number of TMH cwp (Mg L")
of origin Native P. pastoris
PpAodp Alternative oxidase P. pastoris Mitochondria, P. pastoris native protein 2 (parallel) 22.52 +0.26
HsCstp CMP-Sia transporter Homo sapiens Golgi ER and Golgi 7 14.97 + 0.28
ScCtr3p Copper transporter S. cerevisiae Plasma membrane Plasma membrane, partly 3 8.35+ 1.09
vacuolar membranes
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FIGURE 1

olePCR-based micro-scale expression platform for membrane protein expression using P. pastoris. DNA sequences coding for the membrane protein-GFP fusion
protein (MP-GFP-Hisg) were assembled by olePCR (overlap extension PCR) with promoter (P4ox;), terminator regions (AOXTTT) and the zeocin selection marker
(Zeo), allowing direct transformation of P. pastoris cells. Best expressors were selected from 96-well plate cultivations based on GFP fluorescence of growing cells
and isolated membranes, using fluorescence microscopy and in-gel fluorescence of SDS-PAGE separated proteins, respectively. Purification of target proteins from
cellular membranes was optimized by selecting detergents that efficiently release the GFP fusions while retaining monodispersity, as judged by fluorescence-

based size exclusion chromatography.

chromatography (FSEC) [48] (see Fig. 1 for the experimental out-
line and Supporting Fig. S1 for representative purification data).
The expression levels of the three target proteins ranged from 8.4
to 22.5mg L™, as outlined in Table 1.

Apart from FSEC and in-gel fluorescence, we also analysed the
intracellular localization by fluorescence microscopy, using the
intrinsic GFP signal (Fig. 2). The alternative oxidase localized to
mitochondrial membranes, as shown by co-staining with the
mitochondria-sensitive dye MitoTracker® (Supporting Fig. S2),
while the copper transporter ScCtr3p associated with the plasma
membrane but also partly with vacuolar membranes (Supporting
Fig. S3). HsCstp remained in the ER (Supporting Fig. S4) though it
localizes to the Golgi in humans. However, neither fold nor
stability of HsCstp was compromised, as judged from its mono-
dispersity and homogeneity observed during FSEC upon solubili-
zation (S1).

The transcriptional response of P. pastoris to membrane protein
expression
The three heterologous MP expressing strains (PpAodp, ScCtr3p,
HsCstp) were used as models for microarray studies to elucidate the
transcriptional response of P. pastoris to MP expression.

PpAodp was selected due to its high expression levels and
mitochondrial localization, whereas the two transporters were

chosen to study the transcriptional response to MPs entering
the secretory pathway reaching either the plasma membrane
(ScCtr3p) or residing in the ER (HsCstp). By choosing model
proteins of different structures, functions, origins and intracellular
localizations we aimed to gain a better understanding of the
different molecular mechanisms of MP biogenesis. A strain produ-
cing cytoplasmic soluble GFP was used as control in order to
discriminate between effects evoked by production of mem-
brane-embedded and soluble proteins and thus to distinguish
between the general response to overexpression and specific pro-
tein-dependent transcriptome patterns caused by expression of
the MP-GFP fusion partner.

Whole-genome expression profiling was undertaken using cus-
tom P. pastoris whole genome microarrays (Affymetrix, Santa
Clara, CA, United States). The transcript patterns were closely
related to both function and cellular localization of the over-
expressed MPs. When comparing genes upregulated, downregu-
lated or remaining unchanged in the three MP overexpressing
strains (Fig. 3), the two MPs entering the secretory pathway
(ScCtr3p and HsCstp) showed similar responses (that is, a large
number of genes overlapping), but PpAod showed a divergent
response, linked more to its role in the energy metabolism than
its MP character. Thus the effects are discussed separately for
the mitochondrial protein PpAod and the two MPs entering the
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FIGURE 2

Cellular localization of the membrane proteins used in this study assessed by confocal fluorescence microscopy. While PpAodp localizes to mitochondrial
membranes (a), HsCstp enters the endoplasmic reticulum (b). ScCtr3p passes through the secretory pathway to reach the plasma membrane (c). See S2, S3, S4 for

co-staining images.

secretory pathway (ScCtr3p and HsCstp). All microarray hybridiza-
tion data are provided in the Supporting file S5.

Mitochondrial alternative oxidase PpAodp

In a comprehensive study outlining expression characteristics of
over 550 yeast MPs in S. cerevisiae, highest expression levels have
been identified for stress response proteins [49]. Therefore we
selected the P. pastoris mitochondrial alternative oxidase (PpAodp,
involved in the cellular stress response) as a target for MP over-
expression. Indeed, the GFP fluorescence of the PpAod-GFP fusion
protein indicated yields of about 22 mg/L in isolated membranes
(Table 1). As the main constituent of the alternative respiratory
pathway of P. pastoris, PpAodp bypasses the terminal complexes of
the electron transport chain (CIII and CIV) by directly transferring
electrons from ubiquinol to oxygen. With this system, the cellular
efficiency for synthesizing ATP is reduced by two-thirds, as the
proton transport across the inner mitochondrial membrane is
bypassed [50]. Alternative respiration plays a key role in sustaining
growth under metabolic constraints (for example, when the cellular
energy demand is low) and in counter-acting cellular stress [50-52].

When studying the transcriptional response to PpAOD over-
expression under P,ox;, we observed a multitude of cellular
changes tightly linked to its biological function. Namely, the
expression levels of more than 1100 genes were altered (see Table
2 and S5). While genes involved in amino acid metabolism,
vesicular transport, cytoskeleton biogenesis, respiration and cell
cycle were compromised, increased transcript levels of genes
involved in stress response, protein catabolism and protein mod-
ification were observed, thus indicating a transient arrest of nor-
mal cellular processes (Table 2). This response partly overlapped
with the transcript profile of S. cerevisiae cells, which have been
exposed to external stress situations [53,54], as demonstrated by
an upregulation of genes involved in oxidative stress defense,
protein folding and degradation.

Being embedded in the inner mitochondrial membrane, P4ox1-
mediated PpAOD expression evoked also strong effects within
mitochondria, triggering a widespread rearrangement in expres-
sion of mitochondrial genes coding for proteins of the folding and
import machineries (Table 2). Among import proteins, relative

transcript levels of genes coding for transport proteins of the outer
and inner mitochondrial membranes (OMM and IMM) and the
intermembrane space (IMS) were upregulated upon PpAodp pro-
duction. Induced genesinclude $§C1, also known as mtHSP70, the
ATP-driven core of the PAM complex, which plays a crucial role in
protein translocation and mitochondrial quality control [55].
Ssclp interacts with Mdjlp and Mgelp, two matrix-resident
translocation and folding co-chaperones, which were also upre-
gulated during PpAodp production. The prohibitin complex
(PHB1 and PHB2) of the IMS that stabilizes newly imported
proteins [56] and the a-subunit of the mitochondrial processing
peptidase (MAS2) also range among induced genes. Furthermore,
mRNA abundance of many proteins assisting in assembly of
respiratory proteins, that is, CIII complex, cytochrome c oxidase
and ATP synthase, increased as a consequence of PpAOD over-
expression.

Apart from genes coding for proteins involved in mitochondrial
import and folding, genes coding for proteolytic proteins were also
upregulated, including the m-AAA protease, consisting of subunits
Afg3p and Ytal2p. This matrix-exposed protease mediates not
only assembly, but also mislocation and turnover of misfolded
and non-assembled MPs of the IMM, such as the respiratory chain
and ATPase complexes. Additionally, genes of the mitochondrial
quality control system, which mediates the turnover of oxidized
proteins and assists in protein complex assembly under stress
conditions, were also upregulated.

Moreover, genes coding for subunits of the proteasome (20S
core and 19S regulatory proteasome particles), vacuolar degrada-
tion and sorting pathways and the vacuolar protease PVB1 were
strongly upregulated. The induction of these non-mitochondrial
genes provides a clear indication that the stress response to PpAOD
overexpression was cell wide and not limited to the mitochondria.
The translocation machinery of mitochondria might have been
overloaded, resulting in redirection of superfluous and/or partly
folded proteins to the cytosol where they were subsequently
subjected to proteasomal degradation as proposed for higher
eukaryotes [57]. A downregulation of genes coding for transport
proteins residing in the IMM supported the idea that the mem-
brane space of the IMM was restricted and thus mitochondrial
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FIGURE 3

Comparative analysis of differential gene expression between PpAodp-GFP,
HsCstp-GFP and ScCTR3p-GFP fusion protein producing strains. The numbers
of unique and overlapping genes showing upregulation (a), downregulation
(b) or unchanged regulation (c) between the three MP producing strains
relative to the control strain (expressing GFP alone) are shown. The raw data
of S5 were used for the calculations.

membranes were not able to accommodate additional proteins
due to the high PpAodp load.

The transcriptional response also implied that the respiratory
capacity was largely rearranged due to PpAOD overexpression as
genes coding for the respiratory complexes I to IV were down
regulated. Genes needed for ATPase biosynthesis (compounds of
the membrane-embedded F, domain) were also down regulated.
Concurrently, a downregulation of genes coding for proteins
involved in amino acid metabolism, nucleotide biosynthesis
and the TCA cycle was also observed, suggesting that the entire
cellular metabolism slowed down during PpAodp production. This
was in line with the previously observed negative effect of PpAodp
overexpression on biomass production [50]. A similar response was
observed for genes that were involved in secretion and post-
translational protein modification (N-linked glycosylation, GPI-
anchor biosynthesis).

Taken together, the transcriptome profile implied that pro-
longed and strong overexpression of PpAodp posed a challenge
on metabolism and cellular homeostasis. As a consequence of
PpAodp production, ATP was produced in an inefficient way,
metabolism slowed down and many biosynthetic pathways were
throttled back in order to compensate for the loss of energy caused
by alternative respiration. The pattern observed strongly suggests
that PpAodp overproduction induces effects that are more prob-
ably linked to its physiological function in the central energy
metabolism rather than its MP character.

Membrane proteins HsCstp and ScCtr3p entering the secretory
pathway

Most eukaryotic MPs (except for mitochondrial and most per-
oxisomal ones) enter the secretory pathway by translocating into
the ER membrane, as exemplified in this study by the model
proteins ScCtr3p and HsCstp. While HsCstp localized to the ER
membrane, ScCtr3p was embedded in plasma and partly in
vacuolar membranes (Fig. 2). For both proteins production levels
in the mg/L range were obtained (Table 1). Upon overexpression
of the two proteins, more than 800 genes were differently regu-
lated compared to the GFP expressing control strain. Interest-
ingly, the vast majority of down-regulated and up-regulated
genes overlapped between HsCstp and ScCtr3p (Fig. 3 and S9),
implying that MPs entering the secretory pathway evoke similar
responses on the transcriptome level and only minor physiolo-
gical effects are caused by the nature of the expressed MP itself.
Upregulated genes participated in diverse cellular processes
including transcription (RNA polymerases I and III), translation
(ribosome biogenesis, tRNA metabolism, mitochondrial ribo-
some biogenesis), stress response, lipid metabolism (sterol bio-
synthesis, p-oxidation), and nucleotide and amino acid
biosynthesis. Downregulated genes were mostly involved in
processes such as protein modification (N-glycosylation, GPI
anchoring), ubiquitination, fatty acid biosynthesis, respiration
and vesicular traffic. Additionally, genes coding for degradation
proteins (UFO1, DOA4, VPS24, VPS25, VPS28, STP22, SNF7) were
repressed.

Altered transcript levels were also identified for genes involved
in various aspects of cell surface morphology and biogenesis,
including upregulation of flocculation (MUCI) and cell wall
assembly (EXG1, GAS1, WSC3, BOT2), but downregulation of cell
wall-associated genes (1,3-B-glucanosyl synthase FKS3, KREI11,
glucan 1,4-a glucosidase STAI, cell wall stabilizer HSP150), sug-
gesting effects on the cell wall structure. MP production also
affected cellular homeostasis considerably as several stress-related
genes were upregulated, including genes expressed in response to
heat (TIP1, NMA111, GAC1), oxidative stress (MXRI) and the
general stress factor MSN2. These results indicated that hetero-
logous expression of MPs entering the secretory pathway caused a
general stress response in P. pastoris. However, in contrast to
PpAodp, the overexpression of HsCstp and ScCtr3p had no severe
impact on energy metabolism.

Concerning lipid metabolism, we found increased transcript
levels for genes of B-oxidation (POX1) and ubiquinone biosynth-
esis (COQ1I), while isoprenoid and phosphatidylethanolamine
(MUQ1) biosyntheses were repressed according to the transcript
response. HsCstp production triggered specifically an increased
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TABLE 2

Differently regulated genes upon PpAodp overexpression in P. pastoris. The genes are grouped by cellular function and localization of
the respective proteins. The regulation (Reg.) is indicated by an upward-pointing arrow (7) for upregulated genes, while down-regulated
genes are marked by a downward-pointing arrow (). Exact fold changes for each gene are provided in S5. Genes reaching a fold
changed of >1.5, but did not pass the adjusted p-value criteria, are written in parentheses.

Function Genes Reg.
Mitochondrial genes
Import machinery OMM: (TOM70), MIM1 T

IMS: ERV1, MIA40, PHB1/2
IMM: TIM9, TIM17, TIM22, TIM23, TIM44, TIM50
Matrix: MDJ1, MGET1, MAS2

Protein folding FMC1, ATP12, COX11, PET117, SHY1, COA1, COX15, PNT1, CBP3, CBP4, BCS1, CYT2 T
COX20 1
Proteases AFG3, YTA12, PIM1, LAP3, PCP1 T
MGR3 1
Transport proteins OACT, SFC1, MIR1, PIC2, MDL2, ADY2, YIA6, ACP1, RIM2, CTP1, ORT1, PET8, CRC1, YAT1, (LEU5), (ORTT1) 1
Respiration Complex I: NUOT, NUO10, NUO17, NUO20, NUO21.1, NUO24, NUO30, NUO5T 1
NDET 1
Complex Il: SDH1 1
Complex Ill: CYT1, QCR2, QCR6, QCR7, QCR8, QCRY, RIP1 1
Complex IV: COX4, COX12 1
Complex IV: COX5B 1
ATP synthase: ATP14, ATP19, ATP20 T
Mitochondrial protein RNA polymerases: RPO41 T
biosynthesis Translation initiation and elongation factors: IFM1; MEF2, TUF1, GUF1 T
tRNA synthetases: DIAT, ISM1, NAM2, MSK1, SLM5, HER2 1
tRNA synthetases: MSW1 1
Small mitochondrial ribosomal subunits: MRPS5, MRPS8, MRPS9, MRPS17, MRPS28, MRPS35, RSM7, RSM10, RSM18, T
RSM19, RSM22, RSM23, RSM24, RSM25, RSM26, MRP1, MRP4, MRP51, SWS2, NAM9, PET123
Large mitochondrial ribosomal subunits: MRP7, MRP20, MRP21, MRP49, RML2, MRPL3, MRPL4, MRPL6, MRPL7, T
MRPL8, MRPL9, MRPL11, MRPL13, MRPL15, MRPL17, MRPL19, MRPL20, MRPL22, MRPL23, MRPL24, MRPL25, MRPL27,
MRPL28, MRPL32, MRPL33, MRPL36, MRPL38, MRPL40, MRPL44, MRPL49, MRPL50, IMG1
TCA cycle CIT1, ACO1, IDH1/2, FUM1 1
Other cellular genes
Protein catabolism 20S proteasome: PRE2, PRE4, PRE7, PRES, PUP1, PUP2, SCL1, UMP1 T
19S proteasome: RPN1, RPN2, RPN6, RPN8, RPN10, RPT2, RPT5 T
Ubiquitination: UFD1, UFD4, UBR1, (PIB1), UBI1-4, UBA1, RAD6, UBP6, UBC11, UBP12, UBP13 T
Ubiquitination: UBP10, UFO1, UBC9 1
Retrotranslocation: CDC48, OTU1, SHP1, DOA1, UBX4, UFD1 1
Autophagy: ATG8, ATG11, ATG15 1
Vacuolar sorting proteins: VPS13, VPS27, VPS28, VPS64, SNF7, SNX4 T
Protein modification N-linked glycosylation: SEC53, ALG5, ALG14, RFT1, EOS1, MNN2 T
GPl-anchor biosynthesis: SMP3, SPT14, GPI19 T
Secretion SEC23, USO1, UFE1, SVP26, ERV25, GOT1, APM4, SPC2 T
Amino acid metabolism Biosynthesis: ALT1, ARG3, ARG8, ARO3, ARO4, ARQO9, GLT1, HIS1, HIS6, LEU1, LEU2, LEUS, LYS9, LYS14, MET6, MET13, 1
MET14, ORT1, PHA2, THR1, TMT1, TRP2
Biosynthesis: ARO10, CYS3, MET1, MET2, (MET?7), (MET16), MET28, (MET32), MMF1 1
Degradation: CAR1, CAR2, (GCV2), GDH2, (PUTT), UGA1 T
Purine and pyrimidine ADE5/7, ADES, (URA2), URA6 T
biosynthesis
Lipid metabolism B-Oxidation: CRC1, FOX2, POX1, SPS19, TES1 1
Fatty acid biosynthesis: FAA2, SUR4 1
Fatty acid biosynthesis: HTD2 1
Sterol metabolism: ERG2, ERG24, CYB5, YEH2 1
Sterol metabolism: ERG1, ERG3, ERG25 T

#Nomenclature based on Schizosaccharomyces pombe genes.

transcription of fatty acid (FAA2), cardiolipin (PGS1) and phos-
pholipid (CDS1) biosynthesis genes.

Also in S. cerevisiae transcript levels of a strain producing a MP
entering the secretory pathway have been investigated applying
miniarray technology [58]. Namely the transcriptional response of
a single strain producing Fpslp, a eukaryotic glycerol facilitator
localized to the plasma membrane, was tested under different
growth conditions (temperature and pH variations). This experi-
mental setup is different from that of our study, as we compared

MP producing strains to a control strain under identical growth
conditions. Direct comparison between the study in S. cerevisiae
[58] and our results is further complicated, since the cultivation
conditions and thereby the strain physiology were different. Pro-
duction of Fpslp in S. cerevisiae was found to be optimal before the
diauxic shift (that is, under fermentative growth) and these con-
ditions were also applied for the abovementioned transcriptome
analysis [58]. In contrast, P. pastoris is generally grown under
aerobic conditions, also applied in our experiments. S. cerevisiae
156
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is a Crabtree-positive yeast, so even under aerobic conditions
glucose is fermented to ethanol. In contrast P. pastoris is Crabtree
negative, meaning that glucose is metabolized by respiration
under aerobic conditions. Therefore it is not appropriate to com-
pare our P. pastoris microarray data to S. cerevisiae data from the
literature [58] in which different physiological conditions were
used for MP production.

Nevertheless, a few similarities were noticed between the
response of the S. cerevisiae Fpslp producing strain [10,58] and
the P. pastoris strains of our study. In S. cerevisiae SPT3 was
downregulated under high yield Fpslp production conditions
and spt3 deletion led to a 9- to 69-fold increased Fpslp yield
(depending on the growth medium) [10]. As component of the
transcription SAGA complex, Spt3p is involved in regulating the
transcriptional activity of RNA polymerase II in S. cerevisiae [59].
In our study, the P. pastoris homolog of ScSPT3 was also down-
regulated in the HsCstp and ScCtr3p producing strains, suggest-
ing a similar role of this gene for MP production in P. pastoris.
Additionally, in the S. cerevisiae spt3 deletion strain, the gene
BMS1 was upregulated and overexpression of BMSI resulted in
elevated Fpslp yield [10]. BMSI plays an important role in
biogenesis of the small ribosomal subunit (40S) and its over-
expression altered the ratio of ribosomal subunits. Also in the P.
pastoris ScCtr3p and HsCstp producing strains, BMS1 was upre-
gulated, suggesting spt3 deletion and BMSI overexpression also
as strain engineering targets in P. pastoris.

Interestingly, in all P. pastoris strains overexpressing MPs
(PpAodp, HsCstp or ScCtr3p), INO1 (encoding inositol-1-phos-
phate synthase) transcript levels were higher compared to the
GFP expressing control strain, suggesting that induction of phos-
phatidylinositol biosynthesis was a common pattern in all MP
producing strains. Also in S. cerevisiae increased INO1 levels were
observed during MP production, correlating with membrane pro-
liferation [60]. These changes in transcript patterns of lipid bio-
synthetic genes suggest a crucial role of the lipid metabolism and a
possible target for strain engineering to improve MP expression.

Role of HAC1 during membrane protein production

PpHAC1' coexpression improves yields of ER resident MPs 1.5-
to 2.1-fold

Interestingly, the gene coding for Haclp, the central regulator
component of the unfolded protein response (UPR), was upregu-
lated in the strain overexpressing HsCstp. The UPR is the major ER
surveillance system and triggers the expression of various proteins,
which counteract stress arising from misfolded proteins. Folding
stress leads to Haclp activation by a unique splicing mechanism
(see [27] for a recent review on the regulation in P. pastoris). Haclp
then activates numerous UPR target proteins involved in protein

TABLE 3

folding, trafficking and glycosylation, thereby bolstering the fold-
ing capacity in the ER [26].

However, Haclp also affects the lipid composition of ER mem-
branes and the available membrane space. Cox et al. [61] showed
that increased amounts of phospholipid biosynthesis enzymes, in
particular of the phosphatidylinositol pathway, were required to
expand the ER by formation of membrane stacks called karmellae.
These stacks can potentially lead to an increased ER membrane
capacity desirable for the expression of heterologous MPs as
already observed for several MPs in S. cerevisiae [62-69]| and P.
pastoris [70-74].

Coexpression of the activated, spliced variant of the HAC1 gene
(denoted as HACI') has been used in several organisms as a target for
strain engineering to improve protein secretion. Also in P. pastoris
several studies have been performed investigating the UPR and the
role of Hacl [27]. Gasser et al. [75] reported a 1.3-fold increase in Fab
secretion when co-expressing HACI from S. cerevisiae in P. pastoris.
Guerfal et al. [74] have tested the effect of PPHAC1 on secreted,
surface displayed proteins and one MP. In general the effects seen
varied considerably between various secreted and surface displayed
proteins. Namely the expression level of surface displayed proteins
decreased in three of four cases, showing an approximately twofold
improvement only for one protein. The expression levels of the two
tested secreted proteins improved approximately twofold. For the
single MP tested (adenosine A2A receptor, a G-protein coupled
receptor) positive effects were seen (improved processing of the
signal sequence and increased ligand binding).

As the outcome observed by Guerfal et al. [74] appeared to be
protein dependent for secreted and surface displayed proteins, we
wanted to test the effect of PPHAC1' coexpression on multiple MPs,
to evaluate if PpHAC1' coexpression can act as a general strategy to
improve MP expression. To this end, we coexpressed PpHACI' in
the strains from our initial set of target proteins that were entering
the secretory pathway (ScCtr3p and HsCstp). To increase the
number of model proteins entering the secretory pathway, we
tested a human copper transporter (HsCtrlp) and a CMP-sialic acid
transporter from rice (OsCstp), which are also ER associated (Sup-
porting Fig. S6).

As Guerfal et al. had shown that constitutive expression of the
PpHACT' gene had little to no effect [74], we coexpressed PpHACI'
using the methanol inducible P4ox;.

At first we tested the coexpression in shake flask cultures. Strains
showing positive effects were scaled up to bioreactor cultivations.
For the copper transporter ScCtr3p, which resides in the plasma
membrane, no effect of HACI' coexpression was observed (data
not shown). For all proteins localizing to ER membranes, approxi-
mately 1.5- to 2.1-fold higher yields were obtained upon PpHAC1'
coexpression (Table 3), suggesting a generally beneficial effect of

PpHACT' coexpression improves the yields of ER resident membrane proteins 1.5- to 2.1-fold. Increase in specific yields (g of
recombinant fusion protein per mg of membrane protein) obtained by HAC7' coexpression in bioreactor cultivations is given. Mean

value and standard deviation of three experiments are given.

Membrane protein Membrane protein yield in the progenitor strain

Membrane protein yield upon Hac1p coexpression Increase (%)

HsCstp 4.323 +£0.010 9.214 +0.181 113.2

HsCtr1p 0.288 + 0.005 0.502 £0.013 74.0

OsCstp 2.552 £ 0.052 3.786 + 0.036 48.4
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PpHAC1" coexpression to maximize yields for ER resident MPs in P.
pastoris. This result is somewhat different from previous findings
on the effect of the S. cerevisiae UPR on MP production, as Griffith
et al. [76] suggested that there is a negative correlation between
UPR upregulation and functional expression of MPs (that is, high
UPR induction levels impair MP expression). However, expression
of HACI' in S. cerevisiae also showed beneficial effects on the
secretion of some proteins [77,78]. In addition, recent studies
on Haclp-mediated UPR regulation in P. pastoris [28,74] suggest
that there is an important difference from S. cerevisiae. While HAC1
expression is regulated by a unique stress-regulated splicing
mechanism in S. cerevisiae, splicing in P. pastoris was shown to
occur constitutively, suggesting primarily a UPR regulation by the
HACI transcript levels in P. pastoris. These differences may explain
the dissimilar role of the UPR in MP expression in S. cerevisiae and
P. pastoris, but would require further, more detailed comparative
studies.

We aimed to elucidate the mechanisms of how PpHACI' coex-
pression caused the beneficial effects on MP expression. The fold-
ing machinery in the ER may be upregulated, leading to more
correctly folded protein and avoiding degradation. Also changes in
the ER membrane composition or an extension of the membrane
space (by karmellae formation) as previously reported [74] could
be the cause.

For further studies to investigate these effects, we focused on the
HsCST + PpHACI' coexpressing strain, as PpHACI' coexpression
had shown the strongest increase in protein yields (2.1-fold) in
this context. We performed electron microscopy on the wild type,
the HsCST expressing strain and the HsCST + PpHACI' coexpres-
sing strain to investigate the ER morphology (Fig. 4). Upon HsCstp
production, cells developed additional ER membranes compared
to non-producing cells. Coexpression of PpHACI' triggered an
even more pronounced proliferation of membrane stacks. So, this
correlation suggested that the beneficial effects exerted by
PpHAC1' coexpression could be caused by an expansion of the
ER membrane space.

Transcriptional response to PPHAC1' coexpression under MP
production

As PpHACI' coexpression had shown a beneficial effect on the
production of all ER resident MPs tested (Table 3), we investigated
the transcriptional changes using microarrays to get a better
understanding of the wunderlying mechanisms and factors
involved.

Recently, a transcriptome study investigated the role of the UPR
in P. pastoris [26]. Using microarrays, the transcriptome of a strain
expressing the HACI homolog from §. cerevisiae was compared to
the wild-type strain under normal growth and stress conditions
(dithiothreitol treatment). A related study had investigated the
effect of SCHAC1' coexpression in P. pastoris on the production of a
secreted antibody Fab fragment [79]. The transcriptional regula-
tion of more than 50 genes was analysed by TRAC (transcript
analysis with aid of affinity capture) and compared to S. cerevisiae.
However, neither data set [26,79] provided information on the
effect of P. pastoris endogenous HACI' on a MP expressing strain.

Therefore we selected the strain with the strongest improve-
ment upon PpHACI' coexpression for transcriptome studies. The
HsCST + PpHACI' coexpressing strain had shown a 2.1-fold

FIGURE 4

Transmission electron micrographs of ultrathin sections of P. pastoris wild-
type (), HsCST expressing (b) and HsCST + PpHAC1' co-expressing (c) cells.
Different organelles have been assigned showing peroxisomes (P),
endoplasmic reticulum (ER), nucleus (N), mitochondria (M) and vacuoles (V).

increase in protein yield (Table 3) and exhibited Karmellae for-

mation in electron microscopy (Fig. 4). We compared the tran-

scriptomes of the coexpressing strain with the parental strain

expressing only HsCST. More than 1300 genes displayed an altered

abundance with an approximately equal balance between upre-

gulated (621) and downregulated genes (683) (Table 4 and S5).
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TABLE 4

Differently regulated genes upon HACT' coexpression in the HsCstp expressing strain. Same grouping and labelling as Table 2.
Superscript numbers indicate genes that have also been observed by other microarray analyses in studies addressing effects of Hac1p

production in yeasts and fungi (1: [26], 2: [81], 3: [80], 4: [82]).

Function Differently regulated genes Reg.
Protein folding Folding in the ER CNE1'2, EROT'34, PDIT'?34, ERV2, KAR2/BIP'®, LHS1'?3%, JEM1', HLJ1, SCJ1'®*, 1
AHA1
Protein glycosylation  Core glycosylation DIE2', DPM1™ 1
Oligosaccharyl transferase complex 0ST1'?, 0ST2'%34 0ST3'4, STT3', SwP1'* wapP1'%* 1
Glycoprotein processing ALG1, AGL2"?, (ALG7)'?*, ALG14, EOS1', KTR2, MNN2" 1
MNN4 !
GPl-anchor biosynthesis GPI1, GPI2', (GPI14)", GPI19, MCD4'3*, SMP3, GAAT* 1 g
0-glycosylation PMT1'3, PMT2'**, PMT4', PMT6' 1 s
Protein Translocation  Translocon pore SEC61'34 1 S
Posttranslational translocation SEC63 complex: SEC63'2, SEC66°, SEC72'%3; LHS1'%*, KAR2'?3 1 2
Cotranslational translocation SSH1 l &
Signal sequence processing Signal peptidase complex: SPT2, SEC11%*, STE24* T
ER-to-Golgi transport, COPII vesicles: SEC13% (SEC16)*, SEC23", SEC24™%, SEC31, SFB2'%, ERV29'3, YIP3'3, 1
COPIl-mediated vesicles SAR1, EMP24;
TRAPP complex: BET3, TRS33;
SNAREs: SED5, BETT;
other genes: SEC12'**, SEC17, (SEC18), ERV25%, SLY1, GYP1, GYP7, GYP8, COG4, GCS1,
GOT1', ERP5
TRS31, COG3 !
COPI-mediated retrograde transport RET2', SEC20, SEC21", SEC26%, SEC28, GET1, GET3, USE1 1
Vesicular transport VPS55, VPS45, VPS64, VPS62, VVPS68, VPS9, VPS15, VPS64, VPS62, PEPS, ATG3, ATG8, 1
ATG13, ATG18, VTI1, YPT52, VAC8, RCR1’
Nuclear pore complex NMD3, NSP1, NOP53, NUP2, NUP84 l
Mitochondrial transport machinery SAM50, MDM10, MMM 1 T
TOM20, TOMA40, TIM9, TIM12, TIM13, TIM22, TIM23, TIM44 !
Degradation ERAD EPS1', HLJ1, HRD1'3*, HRD3*, MNLT' 1
Proteasome RPNS8, NAS6, NAS2 T
Ubiquitination DOA4*, VPS25, UBP12, SNF8, RAD6, UBCS8, SLX5, HUL4, UFO1 1
UBC11, HUB1, BRE5, CDC53 l
Protein biosynthesis rRNA processing POP4, POP3 T
NOP7, ERB1, SPB1, FCF2, UTP7, LCP5, UTP13, SAS10, RCL1, MPP10, MAK16, RRP14, l
UTP5, UTP4, EBP2, RNT1, DHR2, UTP22, PWP2, PWP1, NOP9, ENP1, ROK1, UTP15, UTP6,
TSR1, NSR1, NOP10, RPF2, MRD1, RRP9, NOP4, PXR1, EFG1, NANT, RRP3, SNU13, KRR1,
ESF1, IPI1, NOP1, IPI3, UTP30, RRP1, GAR1, BMS1, UTP21, POP1, DIP2, RIO1, MTR3,
FHL1, TSR2, EMG1, DBP8, RRP5, UTP14, DBP2, FAL1, RRP7
tRNA processing MSY1, POA1, THG1 T
TRM1, PUS1, TRM2, PPM2, TRM8, TRZ1, TRM7, LHP1, NCL1, TRM10, TAD2, TAD3, GUST, l
TRM11, ARC1, CDC60, TRM112, CCA1, YDR341C, RSC9, TRM9
Ribosome biogenesis and assembly RRS1, YTM1, SPB1, NOP7, NUG1, UTP23, NOB1, RCL1, NOP2, NIP7, SPB1, RRP14, DBP3, l
UTP5, UTP4, RRP14, EBP2, BRX1, NOC3, ALB1, NSA1, NOG1, RPF1, NOP6, NOP13, NOP9,
JJJ1, ENP1, NOG2, HAS1, NSR1, RPF2, MRD1, MAKT11, RRP12, NOP4, SSF2, KRI1, ARX1,
NMD3, NOP53, KRR1, NOP14, RLP24, SIK1, UTP30, DRS1, RRP1, DBP9, DBP10, BMS1,
UTP21, ARBI, LTV1, TMA23, NOP16, RRB1, RPL6B, GAR2, EMG1, DBP8, UTP14, RLP7,
MRT4, NSA2, FAP7, MAK21, RRP17, RRP7, TIF6
Splicing, snRNPs CLF1, PRP4, MSL1, LUC7, CEF1, ISY1, SAP49, SNP1 1
PRP42, PRP24, PRP43, SNU114, SMB1, PRP21 !
Translation initiation factor TIF4631, NIP1, PRT1, RLI1, RPG1, SUI2, SUI3, TIF11, TIF3, TIF34, TIF6, EIF3H, EIF3M, l
FUN12, GCD11, GCN3, INT6
Transcription initiation factor TAF9, TAF13, TFA1, TAF6, TFC3, RRNT11, SPT15 T
RRN3, RRN7 !
Mitochondrial transcription/translation PUS9, MSW1 1
MSS116, DSS1, NAM2, PET127, RPO41, MRPL9, YML6, MST1, MRPS28, SUV3, PET309, |
NUCT
RNA polymerases CDC36, RPB11, TFC3, CTK3, RPB7, LSM1, MED11, SSN8, PSH1, RRN11, SOH1, SSN3 7
RPA43, RPC53, RPA49, RPA2, RRN3, RPA34, RPA12, RPC37, RPC10, RPB5, RPO31, RPC31, l
RPB8, RRN7
mRNA processing PFS2, POP2, SPT2 T
RRP45, STO1, PAP2, NAM7, CDC39, RAT1 !
DNA repair RAD9 T
PRIT !
DNA polymerase POL2, POL5 l
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TABLE 4 (Continued)

Function Differently regulated genes Reg.
Lipid biosynthesis Fatty acid biosynthesis FAS2, CEM1, (FAS3), MUQ1 T
SUR4, (FAT1), FAS1, CPT1 ]
GPI biosynthesis GPI1, GPI2", (GPI14)', GPI19, MCD4>*, SMP3, GAAT* 1
Ergosterol biosynthesis (ERG1?), ERG2, ERG3, ERG5, (ERG6), ERG13, NCP1 1
B-Oxidation POX1 l
Phospholipid biosynthesis SLC14, INO4, IPK1, DPP1, VPS34, VAC14, FABI1, SEC14 i
INO1 1

We noticed that many secretory genes including the classical
UPR targets (as described in [26,80-82]) showed altered regula-
tion upon PpHACI' coexpression. As expected, we observed a
general upregulation of genes coding for ER-resident chaperones
assisting in protein folding, including calnexin CNEI, thiol-
oxidases ERO1, PDI1 and ERV2 (all being involved in formation
of disulfide bridges), peptidyl-prolyl-cis-trans isomerase (CPRS),
KAR2/BiP, SC]1 and LHS1, which play a role in protein transloca-
tion and folding, the Hsp40 chaperone JEM1 and the stress-
related co-chaperone AHAI [83-88]. Apart from the folding
machinery, genes participating in ER-associated protein degra-
dation (ERAD) were induced, including EPSI, the Hsp40 co-
chaperone HLJ1 that mediates degradation of MPs, HRDI,
HRD3 and MNL1 [89-94]. Despite the upregulation of these genes
leading to proteolysis, HsCstp yields have not been negatively
affected but even 2.1-fold increased (Table 3). The upregulation
of the chaperones mentioned above could compensate for the
ERAD, or the ERAD was induced after the membrane space in the
ER had been filled with HsCstp, leading only to a degradation of
excessive protein that could not be accommodated in the ER.
Remarkably, a few genes involved in protein folding were
repressed during HsCST + PpHAC1' expression. Repressed genes
included EGD2, coding for the a-subunit of the heteromeric
nascent polypeptide-associated complex (NAC), which is
involved in protein sorting and translocation in S. cerevisiae;
the Hsp40 chaperone ERJS and FMOI1 encoding a flavin mono-
oxygenase that maintains the ER redox buffer ratio for correct
folding of disulfide-bonded proteins; the cytoplasmic co-chaper-
one CNSI and the cytoplasmic ribosome-associated Hsp40
homologue ZUOI and its HSP70-like interaction partner S5Z1
which stabilize nascent polypeptide chains.

Besides these chaperones, many induced genes were involved in
various aspects of glycosylation, including both N-linked and O-
linked glycosylation, GPI-anchor biosynthesis and folding of gly-
coproteins (Table 4). Transcription of many other endogenous
MPs of the ER was also induced. Furthermore, many genes assisting
in various aspects of secretion were induced during PpHACI'
coexpression. The protein translocation machinery in the ER
was upregulated including components of the SEC translocon
pore (SEC61), post-translational (SEC63, SEC66, SEC72) and co-
translational (SSH1) translocation across the ER membrane and ER-
resident import proteins (LHSI, KAR2). Among genes that were
involved in protein processing in the ER, the HDEL receptor ERD2
that mediates retention of ER-targeted proteins, and genes whose
products process signal sequences (SPT2, SEC11, STE24) were more
abundant during PpHAC1' coexpression. Along the secretory path-
way, genes involved in the ER-to-Golgi transport via COPII vesi-
cles, clathrin complex compounds, compounds of the post-Golgi

secretory vesicles and the exocyst complex were induced (Table 4).
The upregulation of these genes involved in secretion would be a
possible mechanistic explanation for the approximately twofold
improved yields of secretory proteins upon PpHACI' co-expression
observed previously by Guerfal et al. [74].

Apart from increased transcription of genes of the secretory
pathway, targeting to endosomal and vacuolar compartments was
upregulated as well, judging from transcript abundance of the
ESCRTII and ESCRTIII complexes which mediate sorting of aber-
rant transmembrane proteins to the endosome and multivesicular
body path for degradation. Many genes of vacuolar protein sorting
and autophagy families and of other vacuolar proteins were
induced during PpHAC1' coexpression (Table 4). The upregulation
of genes involved in vacuolar processes upon PpHACI' coexpres-
sion correlated also with their marked formation seen in electron
micrographs (Fig. 4).

Though many genes assisting in the secretion process were
induced as a consequence of PpHACI' coexpression, genes coding
for secreted or cell wall associated proteins were repressed, similar
to the response in S. cerevisiae [95]. The increased protein flux into
the ER, caused by heterologously expressed HsCstp and PpHac1lp-
induced target proteins, might have led to a downregulatation of
endogenous secretory genes to reduce the protein load in the ER,
thus alleviating ER stress.

No clear trend regarding protein catabolism could be observed,
as compounds of the proteasome biogenesis and ubiquitination
pathways were partly upregulated and partly downregulated.

With regard to general cellular ‘housekeeping’ processes, car-
bohydrate metabolism, protein folding, transport, transcription,
vesicular transport and protein catabolism were upregulated,
whereas anabolic processes (for example, amino acid biosynthesis)
and respiration were repressed. In this regard, the overall effect of
PpHACT' coexpression largely overlapped with the transcript pro-
file observed in P. pastoris during constitutive expression of
ScHACT', though different genes and promoter systems have been
employed [26].

However, unlike Graf et al. [26], we observed a downregulation
of genes with functions in organelle biogenesis, ribosome biogen-
esis including those involved in rRNA processing (RRP family
genes) and export and assembly of ribosome subunits. Mitochon-
drial genes (transport machineries, ribosomes, initiation and elon-
gation factors) were downregulated as well. The repression of
ribosome biogenesis and translation with the concomitant
decrease in organelle biogenesis indicated a global slowdown in
cellular metabolism.

Concerning lipid metabolism, we noticed a downregulation of
sterol and ergosterol biosynthesis genes (ERG2, ERG3, ERGS, ERG6,
ERG13, NCP1), which has also been reported by Graf et al., and an
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upregulation of PI and GPI biosynthesis (Table 4). Surprisingly,
INO1, which had been upregulated in PpAodp, HsCstp and ScCtr3p
producing strains, was downregulated in the HsCST + PpHACI!
coexpressing strain.

In summary, neither translocon compounds nor ER-resident
chaperones were upregulated during initial HsCstp production,
whereas PpHAC1' coexpression led to a significant upregulation of
genes involved in the respective processes. Therefore, we suggest
that the improved yields caused by PpHACI' coexpression can be
attributed to a synergistic upregulation of the folding machinery
and an expansion of the ER membrane capacity, thereby boosting
MP expression.

Conclusions

Heterologous expression of eukaryotic MPs in reasonable amounts
is still a bottleneck in both structural and functional studies. We
have therefore analysed the transcriptional responses evoked by the
overexpression of MPs with different functions and localizations
(PpAODp, HsCstp, ScCtr3p) in P. pastoris to gain better understand-
ing of the underlying cellular processes. Microarrays of strains
expressing the mitochondrial protein PpAod revealed strong tran-
scriptional changes, implying that the entire cell metabolism was re-
orchestrated to the needs of the PpAodp-associated shift in energy
metabolism. From a prominent upregulation of genes involved in
proteolysis and a concomitant downregulation of respiration and
TCA cycle genes, the picture emerged that high level PpAodp
production clearly perturbed the cellular homeostasis.

The majority of eukaryotic MPs, including the HsCstp and
ScCtr3p transporters, enter the secretory pathway, where the ER
plays a crucial role in folding, membrane insertion and posttran-
slational modifications. Apart from protein-related functions, the
ER serves as the major site of lipid and sterol biosynthesis.

Overexpression of the ER-resident HsCstp triggered upregulation
of the gene coding for the transcription factor Haclp, which plays a
key role in lipid metabolism apart from its well-known function in
the ERresident quality control system. In yeast, simultaneous Haclp
production is known to increase production of secreted heterolo-
gous proteins [74,75,77]. Regarding MPs, so far HAC1 coexpression
in P. pastoris had only been proven useful in terms of improving
homogeneity (for example, better processing of signal sequences),
but no effect on yields have been observed [74]. Here we
have investigated to what extent and how coexpression of PpHACT!
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Chapter 3.5.2
Overexpression of transcription factors from a derepressed promoter enables
bypassing of methanol dependent carbon source regulation in the
methylotrophic yeast Pichia pastoris

This work was based on the Diploma thesis of Lukas Sturmberger.
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Abstract

Carbon source regulated promoters are well-studied standard tools to control gene expression. In
the commonly used protein production host Pichia pastoris, methanol-inducible promoters are used
because of their tight regulation and exceptional strength. Yet, induction with toxic and flammable
methanol is a considerable safety risk in some bigger production plants. Acquiring control over the
natural regulation of promoters is important for metabolic engineering and synthetic biology
applications.

Here we studied new regulatory circuits based on the alcohol oxidase 1 promoter (P,ox:), Which is
tightly repressed in presence of repressing carbon sources and strongly induced by methanol. We
overexpressed putative carbon source dependent regulators identified by a homology search in
related yeasts. While constitutive overexpression showed only marginal or detrimental effects,
derepressed expression (activated when the repressing carbon source is depleted) showed that
three factors are singlehandedly suitable to strongly activate P,ox;. Transcriptome analyses
demonstrated that these three factors regulate partly overlapping and unique sets of genes.
Overexpression of a single factor is sufficient to convert existing P4ox; based expression strains into
glucose/gylcerol regulated, methanol-free systems. Given the wide applicability of carbon source
regulated promoters and the ease of adopting carbon source feed rates in large scale bioreactors,
similar approaches as in P. pastoris may also be useful in other organisms.

Introduction

Studies on carbon source regulated promoters in microorganisms have shed light on the basic
mechanisms of transcriptional regulation. Early studies on the Escherichia coli lac operon (1) and
galactose and ethanol regulated promoters in Saccharomyces cerevisiae (2) have established the
basic paradigms of prokaryotic and eukaryotic gene regulation. With the advent of recombinant
protein production, carbon source regulated promoters have also been adapted and widely used to
drive the expression of heterologous genes. Typical on/off dynamics achievable by repressing and
inducing carbon sources (or non-metabolized surrogates such as Isopropyl-B-D-thiogalactopyranosid,
IPTG) are ideal tools for creating biphasic production processes: Cells are at first cultivated on a
repressing carbon source without expression of the heterologous gene affecting cell growth. Once a
high cell density is reached, switching to an inducing carbon source starts expression of the gene of
interest (3). In metabolic engineering and synthetic biology, the expression of multiple genes
commonly needs to be regulated either simultaneously, consecutively or even in an inverse mode.
Acquiring control over the natural regulation of promoters, the design of synthetic promoters and
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artificial transcription factors have proven imperative for optimizing protein production, metabolic
engineering and synthetic biology applications (4-9).

The methylotrophic yeast Pichia pastoris is a commonly used protein production host and according
to a recent literature search even more frequently applied for heterologous protein production than
S. cerevisiae (10). P. pastoris provides favorable properties such as growth to high cell densities and
efficient secretion of heterologous proteins (facilitating purification and downstream processing)
(11). Glycoengineered P. pastoris strains are the only yeast expression platform enabling the
production of humanized glycoproteins (12, 13). P. pastoris provides also strong and tightly
regulated promoters to regulate gene expression (14). Most commonly the methanol inducible
promoter of the alcohol oxidase 1 gene (Paox:) is used for heterologous protein expression. Paox:
shows three layers of regulation typical for carbon source regulated promoters (14, 15): 1.
Repression: The natural Aox1l protein and the AOX1 transcript are undetectable when cells are
grown on a repressing carbon source (glucose, glycerol, ethanol) (14). 2. Derepression: Once the
repressing carbon source in the media is depleted, P,ox: shows weak expression of about 2-4% of
methanol induced levels. 3. Methanol induction fully activates P,ox; reaching naturally up to 30 % of
total intracellular protein. With heterologous proteins, yields up to 22 g/l of intracellular (16) and
>18 g/l secreted protein (17) have been achieved. However, especially in large scale bioreactors,
substantial amounts of toxic and flammable methanol are required, which is a considerable safety
risk. Other promoters of the P. pastoris methanol utilization pathway show similarly tight repression
as P,ox1, but stronger derepression up to approximately one third of methanol inducible levels
(18)/(unpublished results). Synthetic variants of P,ox; were also derepressed (6) and in bioreactor
cultivations the derepressed state could be maintained by applying limited feed rates of repressing
carbon sources (19). The carbon source is immediately used up by the cells providing energy for
protein production but not repressing the promoter. Therefore derepressed expression is a desirable
alternative to methanol induction, as it allows simple design of biphasic production processes by
varying only the feed rate: Cell growth under repressing conditions can be achieved by providing the
repressing carbon source in excess, expression of the derepressed promoter is triggered by limiting
the feed rate generating derepressed conditions (6, 19).

However, compared to the model organisms E. coli and S. cerevisiae relatively little basic information
is available on P. pastoris (20) and the molecular regulation of methanol inducible promoters is still
only partially understood (reviewed in (14)).

In this study, we aimed to alter the regulation of P4ux; by coexpressing transcriptional regulators
involved in methanol dependent carbon source regulation. Overexpression of three factors
individually activated P,ox; between 7 to 183 % of methanol induced levels (depending on the gene
of interest). Based on this finding we generated conversion and enhancer plasmids that can be used
to transform existing P,ox; based, methanol dependent strains. Thereby derepressed strains
producing the protein of interest (POI) with higher space time yields (depending on the POI) were
generated.

Results

Selection of putative regulators and promoters for overexpression

While regulation of bacterial carbon source regulated promoters is typically relying on self-sufficient
activators and repressors (e.g. catabolite activator protein [CAP] and the lac repressor [lacl] for the
E. coli lac operon), the regulation of eukaryotic promoters such as yeast GAL or ADH promoters
involves an interconnected set of activators, repressors, chromatin remodeling machinery and
master regulators such as multi sub unit kinases and phosphatases (2). Knowledge on the exact
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factors involved in methanol dependent regulation is limited in P. pastoris, a few regulating factors
have been reported, yet their exact mechanism are incompletely understood (14). Known activators
include Mxrlp (methanol expression regulator 1) (21, 22), Trmlp (transcriptional regulator of
methanol induction 1) (23) and Prm1p (positive regulator of methanol 1) (24). Mxrlp is regulated by
a 14-3-3 protein (25) and Rop1p (repressor of PEPCK) (26, 27) is antagonistically binding to the same
DNA sequence as Mxrlp (27). In addition an involvement of glucose sensors (28) and a hexose
transporter (29) in repression of P,ox; was shown.

Methanol dependent gene regulation has also been studied in the related methylotrophic yeasts
(15, 30) Hansenula polymorpha (31-33) and Candida boidinii (34—37), where in part orthologous
activators were reported and different gene names assigned ((33, 37, 38), compared in S 2). Also
additional factors involved in methanol dependent gene regulation, so far not reported in P.
pastoris, were found: Chromatin remodeling factors Swilp and Snf2p are required for methanol
dependent gene expression in H. polymorpha (32) and repressors orthologous to S. cerevisiae
Miglp/Mig2p (Multicopy Inhibitor of GAL gene expression) were reported (31, 36).

The conventional yeast S. cerevisiae is more distantly related to P. pastoris than the methylotrophic
yeasts H. polymorpha and C. boidinii (39, 40). Yet, carbon source regulated gene expression has been
extensively studied in this prominent eukaryotic model organism, focusing on the response towards
the carbon sources glucose, galactose, ethanol and fatty acids (2). Glucose is the preferred carbon
source in S. cerevisiae and genes required for the metabolism of other carbon sources (galactose,
fatty acids, glycerol) are catabolite-repressed on glucose. The P. pastoris methanol master regulator
Mxrlp and S. cerevisiae Adrlp (alcohol dehydrogenase regulator 1) required for activation of
ethanol, glycerol and fatty acid metabolism genes are homologs (21). This relation suggests that the
carbon source regulating factors in P. pastoris (methanol regulated genes) and S. cerevisiae (various
glucose repressed genes) have developed from related mechanisms in their last common ancestor.
To this end, we extended the search for factors involved in carbon source regulation also to S.
cerevisiae. Aside the aforementioned Mig repressors, additional carbon source related activators
such as Cat8p (for derepression of various genes, in part coregulation with Adrlp) and Galdp
(activation of genes required for galactose utilization) are known. Furthermore the
activators/repressors are partly regulated antagonistically by the master kinase Snflp and the
phosphatase Glc7p (requiring its regulatory subunit Reglp). Also the chromatin remodeling histone
deacetylases Rpd3p and Hdalp affected binding of the activators Adrl and Cat8 (41).

P. pastoris contains clear homologs of all the above mentioned factors from H. polymorpha, C.
boidinii and S. cerevisiae (S 2), yet their function and involvement in methanol dependent gene
regulation is unknown. We issued a hypothetical model (Fig. 1A, S 3) combing confirmed P. pastoris
regulators and the well-studied regulation of these homologs in S. cerevisiae (S 3A). Promising
factors were overexpressed and checked for effects on the regulation of P4ox;.In case of Mxrlp and
its S. cerevisiae homolog Adrlp, phosphorylation of serine residues has been reported to be involved
in regulating activity (25). Therefore we tested also a Mxrl variant, in which the two serines were
mutated to alanine (termed Mxric).

We used a reporter construct in which P,oy; is driving expression of a reporter gene (a red florescent
protein variant termed dTomato, dTOM (42)). The putative regulators were expressed from the
same construct from two different promoters and the plasmids were screened under methanol free
conditions for P4ox; activation (Fig. 1).We used the well-established promoter of the glyceraldehyde-
3-phosphate dehydrogenase gene (Pgap) (14) and the novel promoter of the catalase 1 gene (Pcari),
recently reported (18) to drive expression of the putative regulators (Fig. 1B). Psap is on glucose
constitutively active and moderately downregulated on methanol, whereas Pc,r; is repressed on
glucose and expression starts when the glucose in the medium is depleted (derepression) (Fig. 1C).
We included negative controls in which the putative regulator was replaced by a second fluorescent
protein (an enhanced green fluorescent protein variant, eGFP). This allowed to rule out a
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derepressing effect just by the fusion of P,ox; to a second, differently regulated promoter (Fig. 1B). In
addition, the expression profile of the second promoter could be monitored (Fig. 1D). This design of
using a weaker/differently regulated promoter to control the strong promoter driving expression of
the gene of interest is reminiscent of transcriptional amplification strategy (TAS) used in higher
eukaryotes to amplify cell-type-specific regulation (43).

Expression of TRM1, MXR1 or PRM1 from Pcar; activates Pjox:

The reporter plasmids bearing the putative regulators under control of Psap and Pear; were used for
transformation of the P. pastoris wildtype strain and reporter protein fluorescence was measured
under repressed, derepressed and methanol induced conditions (Fig. 1D, S 4). The control constructs
containing a second fluorescent protein (eGFP) instead of an activator maintained tight repression
under derepressed conditions and could be induced with methanol to identical levels demonstrating
that the fusion of P,ox; to the constitutive Pgap or derepressed Pqr; did not affect regulation.

Under derepressed conditions, overexpression of TRM1, MXR1 and PRM1 from P..r; led to activation
of Psox; to different extents. Pear;-TRM1 and Pcari-MXR1 reached surprisingly high levels of the
methanol induced control construct, 44 % and 25 % respectively. Pcari-TRM1 reached 7 %, still
clearly exceeding the background signal. Constitutive expression of some factors from Pgap
drastically reduced transformation rates suggesting detrimental effects (discussion and S 4). Only
Pap-TRM1 and Pg4p-PRM1 seem to show under derepressed conditions weak effects on P,ox; (below
5 % of methanol induced levels). For the other putative regulators, no clear effects on P,ox; under
derepressed conditions were noticed.

Under methanol induced conditions, most strikingly expression of TRM1 either from Pgap OF Pears
showed increased reporter protein fluorescence (1.82- and 1.66-fold of the methanol induced
control constructs expressing eGFP). Expression of MXR1 from Pcsr; led to a decrease to 37 % of the
methanol induced control construct. We also noticed a growth arrest of this strain (S 5), suggesting
detrimental effects of the strong overexpression. This effect is in line with previous reports (21),
where overexpression of MXR1 from P,ox; also abolished growth. The other putative regulators
showed on methanol similar reporter protein fluorescence as the control constructs on methanol. In
related methylotrophic yeasts the extent of derepression depends on the carbon source present
(15). Testing the P. pastoris activator strains form Fig. 1D on alternative carbon sources such as
glycerol, ethanol and oleic acid did not show any striking differences for derepressed P,ox; activation
(S 6). We also did not observe striking differences between MXR1 and MXRIc (two putatively
phosphorylated serines mutated), except that Pgr; driven coexpression of MXRI1c from Pears
appeared less detrimental on methanol than MXR1 (83 vs. 37% reporter protein fluorescence of
control).

Based on this data, in the further studies we focused our interest on the three P. pastoris
endogenous activators TRM1, MXR1 and PRM1.

We were interested in the natural regulation of the three factors and therefore cloned the
promoters of TRM1, MXR1 and PRM1 upstream of the dTomato reporter gene. Fluorescence was
measured under glucose repressed, derepressed and methanol induced conditions (Fig. 2). Under
glucose repressed conditions, only Przy: gave a weak signal clearly above the detection limit,
suggesting constitutive expression. Pyyxg: and Ppgy; gave rather low inconclusive values. However,
once the glucose in the medium was depleted, fluorescence signals from all promoters increased
(about four-fold for Prgy;; for Pur; and Ppgy; clearly above background signal). Upon methanol
induction Przy; and Ppgy; reporter fluorescence increased about four- and two-fold, whereas the
Puixr: Signal remained approximately the same.
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This data suggests also that these TFs have rather weak promoters, as P,ox; With the same reporter
protein reached on methanol considerably higher levels (Fig. 1D). Methanol induced Pz reached
less than 10 %, the other factors less than 2 % of methanol induced P4oy; (Fig. 2).

Genome wide transcriptional response towards TRM1, MXR1 and PRM1
overexpression

We aimed to elucidate the sets of genes regulated by TRM1, MXR1 and PRM1, all of which had
activated P,ox; to different extents under derepressed conditions (if under control of Pcar;) using
microarrays. We used the strain expressing eGFP instead of an activator as control. The strains were
grown in bioreactors to achieve more uniform growth than in deep well plates or shake flasks.
Fluorescence of the dTomato reporter protein under control of P4ox; was measured (Fig. 3A). Similar
to experiments in DWPs (Fig. 1D), the control construct bearing an eGFP gene instead of an activator
remained tightly repressed under glucose depleted conditions. Strains coexpressing the activators
TRM1, MXR1 and PRM1 showed reporter protein fluorescence to different extents.

Samples for RNA isolation were taken after glucose depletion and analyzed using custom Affymetrix
microarray chips previously reported (18, 44). The results are summarized in Fig. 3 and complete lists
of differentially regulated genes are provided in S 7. Pcari-MXR1 showed the highest number of
deregulated genes (2920) compared to the Peir-eGFP control strain with more genes down- than
upregulated (Fig. 3B). Pcar;-TRM1 and Peari-PRM1 showed lower numbers of deregulated genes
(2061 and 1075) with approximately equal numbers of genes up- and downregulated. Given the
total number of probe sets (5869) these numbers account for 50 % (Pcar;-MXR1) to 18 % (Pcars-
PRM1) of P. pastoris genes.

There were overlapping sets of up and down-regulated genes between all three activator expressing
strains (Fig. 3C). Yet, MXR1 and TRM1 and showed more overlaps with one another than with the
PRM1 expressing strain. We also analyzed the data in regard to biological processes (classified by
COG terms (45), Fig. 3D). As suggested from the summarized genome wide response, MXR1
overexpression showed stronger effects than TRM1 and PRM1.

Conversions plasmids allow to transform existing Psox: based expression
strains into methanol free systems

Aside the basic characterization of the effects of Peari-TRM1, Peari-MXR1 and Peari-PRM1
overexpression (Fig. 2, Fig. 3), the strong derepression effects observed (Fig. 1D), appeared also
valuable to generate methanol free production strains. Expression of TRM1 and MXR1 allowed
derepressed expression to up to 44 % of methanol induced levels in small scale cultivations. In these
constructs the reporter gene (dTomato) was on the same vector as the activators. We envisioned
conversion plasmids that could be transformed into existing strains already producing GOIs under
the control of P,ox; and thereby making them methanol free (Fig. 4A).

To this end we switched the Zeocin marker of the aforementioned activator plasmids (Pcar;-TRM1,
Pcari-MXR1) to Geneticin markers, allowing retransformation of existing Zeocin selection based
expression strain. We also switched the marker of the Pc4r;-eGFP control plasmid and included this
plasmid as ‘empty’ vector control (to rule out general beneficial effects of a second transformation
event). Note that these plasmids still contain the AOX1 promoter controlling the dTomato gene. We
reasoned that this system could be used to screen for outstanding production clones based on the
dTomato signal (dTomato expression is also visible to the naked eye as the cells turn pink, i.e. if
transformants turn bright pink under methanol free conditions, they should also strongly express the
pre-integrated GOl under control of P,ox:).
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We transformed the linearized conversion plasmids (Pcari-TRM1, Pcari-MXR1 and Pesr-eGFP) into
three existing P,ox; based strains available from previous studies (18). These strains were expressing
intracellular eGFP (Fig. 4C), secretory Candida antarctica lipase B (Fig. 4D) and secretory horseradish
peroxidase (Fig. 4E).

The intention of the transformation of an existing eGFP producing strain with the vectors, was to
reproduce the screening results obtained where P,ox;-dTomato was present on the same vector (Fig.
1D). CalB and HRP are commercially relevant enzymes for biocatalysis and signal amplification in
immunodetection respectively.

We tested multiple transformants of the constructs for fluorescence and enzyme activity (Fig. 4B, S
8). In the majority of cases, more than 50 % of the transformants were active and showed dTomato
fluorescence. Systematically comparing these transformants to the untransformed ‘parental’ strains
and the control vectors, showed derepression effects to different extents (10 to 183 % of methanol
induced levels). Transformation of the eGFP control plasmid did not affect derepression in any of the
strains tested, but methanol induced activities compared to the parental strain were in part mildly
effected (Fig. 4D,E). The strains were also compared to control constructs expressing the same genes
from the constitutive P. pastoris state of the art promoter of the glyceraldehyde-3-phosphate
dehydrogenase gene (Pgap) (14). For the P,ox-eGFP strain 68 % of methanol induced levels were
reached (Fig. 4C) even outperforming the constitutive Pg,p reference. Note that in this case the eGFP
control plasmid is leading to ambiguous effects, as it also contains an eGFP gene (under control of
the derepressed Pcar;). To this end we have also included a control, where the same plasmid is
transformed into a strain bearing a dTomato gene under control of P,ox;, Showing consistent results
(Fig. 4C). In addition the control plasmid and the two activator plasmids were also transformed in
the wildtype strain (Fig. 4C). In case of the CalB strain, the conversion plasmids led to an activation of
up to 183 % of methanol induced levels, however still remaining lower than the constitutive Pgsp
control (Fig. 4D). For HRP, only 10 % of methanol induced levels were reached (Fig. 4E). This is also
the only case where MXR1 expression reached higher effects than TRM1 expression.

Discussion

We had initially anticipated, that overexpression of single factors would not be sufficient to activate
the P. pastoris AOX1 promoter. Typically not only the amount of a TF but also its subcellular
localization (cytosol vs. nucleus) and posttranslational modifications such as phosphorylation affect
its activity (21, 25). We used regulatory models on the S. cerevisiae ADH2 and GAL glucose-repressed
promoters (S 3) as a basis for this assumption. Glucose-repressed genes in S. cerevisiae are repressed
by Miglp and Mig2p. Binding of the activator Adrlp (homolog of P. pastoris Mxrlp (21)) is
additionally regulated by intricate mechanisms of phosphorylation and inhibitory binding of a 14-3-3
protein (46). Effects of a 14-3-3 protein have also been studied for P. pastoris Mxrlp (25). We had
planned to combine multiple factors (in part as phosphomimetic variants), possibly in a knockout
strain of repressors to strongly activate P,ox; under methanol free conditions. However expression of
TRM1, MXR1 and PRM1 from the derepressed CAT1 promoter was sufficient to activate Paox;
between 7 to 44 % of methanol induced levels (using eGFP as reporter gene, Fig. 1D).

These activating effects are not limited to the AOX1 promoter: Microarray data (Fig. 3) showed that
50 % (Pcari-MIXR1) to 18 % (Pcari-PRM1) of P. pastoris genes are differently regulated (compared to
the Pcari-eGFP control strain). MXR1 overexpression activates most strikingly about 40 % of genes
involved in defense mechanisms (Fig. 3D). We assume that this response is naturally geared towards
reducing toxicity associated with methanol metabolism requiring detoxification of radical oxygen
species generated by oxidation of methanol to formaldehyde (47, 48). About 40 % of genes involved
in nuclear structure are downregulated upon MXR1 overexpression. Interestingly, also more than
30 % of nuclear structure genes are downregualted upon TRM1 overexpression, and barely any
genes upregulated.
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When transforming the plasmids used in this study into P. pastoris, we noticed on two occasions
decreased transformation rates: On the one hand for constructs bearing certain activators under
Psar and on the other hand for conversion plasmids requiring Zeocin and Geneticin co-selection.
While Pcar; based activator expression plasmids with Zeocin selection were giving uniformly high
transformation rates, some Pgsp plasmids (Mxrl, Mxrlc, Regl, Gal4) showed repeatedly
approximately 10- to 100-fold reduced transformation efficiencies and different colony sizes (data
no shown). We presume that these issues are caused by detrimental effects of strong constitutive
overexpression of these regulators from the GAP promoter. For MXR1, it has previously been
reported that overexpression on methanol from P,ox; abolishes growth completely (21). MXR1 could
only be successfully overexpressed from a weak methanol inducible promoter (Pprxs) (21). However
in our work, even transformation plates of the putatively lethal Pgap-MXR1 construct contained a few
colonies of different sizes. P. pastoris is known to show clonal variation even for the same plasmid
(49), possibly owing to different copy numbers or integration loci. We transformed only low
amounts of DNA favoring single copy integration and we screened 42 colonies per construct (S 4) to
rule out effects of clonal variation. In most cases, these expression landscapes showed uniform
expression. However, for some constructs (e.g. Pgar-MXR1 and Pgap-REG1) the landscapes were
rather distorted (S 4). More strikingly about only half of these transformants showed dTomato
fluorescence upon methanol induction suggesting that the cassettes are not always functionally
expressed. It has previously been noticed that under metabolic burden or stress conditions (50, 51)
P. pastoris may lose parts or entire expression cassettes. Constructs based on repressible expression
of the same factors by Pqr; did not show these issues, as Pcar; is due to the high glucose levels
repressed upon growth on the transformation plates. Yet, upon methanol induction some Pcry
based expression strains showed detrimental effects (e.g. Pcar-MXR1 abolished growth and
decreased reporter protein fluorescence), in line with previously reported effects of strong
overexpression by Paox; (21).

These findings suggest that the dosage of the TFs plays a crucial role in the balancing the desired
beneficial effects of activation during derepression and undesired effects abolishing cell growth. The
natural transcriptional regulation of MXR1 and TRM1 (Fig. 2) is further supporting this notion: The
natural promoter of MXR1 gives weaker reporter protein fluorescence than Prgy;. Prruz is also 4.5-
fold induced on methanol. These results suggest that Trm1p is typically present at higher amounts
and may explain why overexpression of TRM1 is tolerated better than overexpression of MXR1.

A key question is how an excess of TFs may be sufficient for P,ox; activation. One major factor
appears to be the expression of the activators under derepressed conditions using Pcsr;. Upon
glucose depletion the cellular machinery has alleviated glucose repression and is geared towards
expression of catabolite repressed genes. Initially we had also considered knockouts of the genes
coding for repressors of glucose repressed genes (Miglp and Mig2p, S 2). Since Mig1/2p homologs in
S. cerevisiae and related methylotrophic yeasts (31, 36) release glucose repression upon glucose
depletion, such knockouts appear to become obsolete under derepressed conditions. Once
derepressed conditions are reached, overexpression of the factors appears to mimic methanol
induction. Negative regulators may be titrated by the strong overexpression. Transporters for
nuclear export of the factors may be overloaded or negative posttranslational modifications such as
phosphorylation/dephosphorylation may not be performed on all transcription factor molecules,
because the kinase/phosphatases are only expressed at their wild type levels and are overloaded
dealing with highly increased levels of the TFs.

However, activating P,ox; under presence of glucose (e.g. making it constitutively active) appears to
be considerably more effort and would likely require knockouts of the repressors and possibly
modifications of additional regulators.
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Understanding the exact underlying molecular mechanisms of the effects observed in this study will
require extensive further studies. S. cerevisiae Adrlp (homolog of P. pastoris Mxrlp (21)) has been
widely studied since more than three decades (52), yet the exact molecular regulation and all factors
involved remain incompletely understood (53).

We see our work rather as a proof of concept to bypass carbon source regulation easily even
without complete mechanistic understanding. Pcar;-Activator conversion plasmids were found to be
valuable tools to bypass Psox: regulation transforming existing strains into methanol free systems
(Fig. 4).

Also when transforming these conversion plasmids into existing strains, the transformation rates
were reduced and in part high clonal variation evident (Fig. 4B, S 8). These effects are presumably
not only attributable to Zeocin and Geneticin co-selection as transforming the wildtype strain
(requiring only Geneticin selection) gave also only a few dozen colonies (Fig. 4B), while on Zeocin we
obtained with similar sized plasmids a few hundred colonies (data not shown). In some cases (CalB,
HRP) transformations had to be repeated to obtain a sufficient number of transformants for
screening. The low transformation rates are not limited to plasmids bearing the activators TRM1 and
MXR1 but also occurred with the eGFP control plasmid. Therefore we assume that reduced
transformation rates are not caused by detrimental effects of the activators.

Aside of the different transformation rates, the conversion plasmids showed also different rates of
active transformants: When transforming the conversion plasmids into the wildtype strain and an
eGFP expressing strain about 90 % of the transformants showed derepressed activity (Fig. 4B).
However, for CalB and HRP expressing strains only approximately about 50% of the transformants
were active. In experiments providing the activator and GOI on the same plasmid (Fig. 1D), nearly all
transformants of Pcari-TRM1, Pcari-MXR1 and Pesr-eGFP showed uniformly derepressed activity (S
4). So these effects seem to be caused by the second transformation event (possibly inactivating the
existing integrated expression cassette) and/or Zeocin and Geneticin coselection. The difference
between the wildtype and eGFP strains compared to CalB and HRP strains suggests also an influence
of the GOI present (possibly as the latter proteins exert with secretion or metabolite production
more stress on the cells than fluorescent proteins).

We checked the literature for similar issues on transformation rates and inactive transformants in P.
pastoris, but to the best of our knowledge we could not find explicit descriptions or an explanation.
Either the effects are only limited to the expression of the activators (and the eGFP gene) used here,
or previous studies did not delve into comparing hundreds of transformants. Yet understanding
these issues and including empty vector controls could be important for future studies in P. pastoris.
So far, somewhat inconclusive data has been reported from attempts to activate P,ox; by TF
overexpression (24), reviewed in (14). In a patent application (24) only constitutive expression of
MXR1 and PRM1 was tested and no absolute expression data (or comparison to methanol induction)
was shown. In our hands, constitutive expression of MXR1 and PRM1 either failed or gave only
marginal results. However, we can confirm an activating effect of constitutive TRM1 expression
under methanol induced conditions (54).

If undesired integration events with identical sequences on the conversion plasmids should cause
these issues, their removal may alleviate the issues observed. We had included the AOX1 promoter
and terminator driving expression of the dTomato reporter on the conversion plasmids to screen by
naked eye for derepressed colonies (as dTomato expression turns cells pink). Since approximately
half of the transformants were derepressed active, this feature could be omitted (given a medium
throughput screening assay for the protein to be expressed is available). Also the relatively large
activator genes (MXR1: 3468 bp, TRM1: 2667 bp) may be prone to recombination with the genome
(still containing the natural copy) and could be sequence diversified by using different codons.
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Despite the issues with transformation rates and inactive transformants, the conversion plasmid
strategy proved useful to transform existing P,ox; based strains into methanol free systems.
However, the feasibility has to be tested on a case by case basis as some derepressed strains even
outperformed the methanol induced parental strain and constitutive promoters, while others
performed poorly (Fig. 4C-E).

Since we used small scale cultivations with unmodified standard protocols (55), cultivation
conditions can be optimized for maintaining the derepressed conditions for example by using a
continuous enzymatic release of low levels of glucose from a glucose-based polymer, as reported for
P.ox: applications (56). Thereby constantly carbon source for protein production and cell growth
could be provided, while not repressing Pcars-activator and thereby P,ox:. In bioreactor cultivations,
derepression can be maintained by a limited carbon source feed (as demonstrated for synthetic
derepressed P,ox; variants (6, 19)), which would allow more efficient expression, than achievable in
small scale cultivations applied here.

Our work suggests that with the availability of suitable parts as derepressed promoters and potent
activators, it can be surprisingly simple to bypass carbon source regulation making induction
obsolete. In P. pastoris, overexpression of a single factor is sufficient to convert existing strains into
glucose/gylcerol regulated, methanol-free systems. These strains may become valuable tools to
increase space time yields and to design safer, more environmentally friendly production processes.
Given the wide applicability of carbon source regulated promoters in basic research and
biotechnology (1-3, 9), our approach in P. pastoris may also be useful in other organisms.

Acknowledgments

The authors gratefully acknowledge support from NAWI Graz. This project received funding by the
European Union’s Seventh Framework Programme FP7/2007-2013 under grant agreement no.
289646 (Kyrobio). T.V. was supported by the Austrian Science Fund (FWF) project number W901 (DK
‘Molecular Enzymology’ Graz) while performing this research.

Materials and methods

Strains and cultivation conditions

Materials such as enzymes and cloning kits were used as recently reported (18, 57). The P. pastoris
CBS7435 wildtype strain was used for most experiments. We also transformed strains available from
previous studies with conversion plasmids. These strains include P,ox-€GFP, Paoxi-CalB and Paoxi-
HRP strains from Vogl et al. (18). For CalB and HRP, mutS strains (58) were used, as higher
productivity on methanol has been reported (59).

We used the standard small scale 96 deep well plate (DWP) cultivation protocol reported by Weis et
al. (55). In short, 250 uL BMD1 (buffered minimal dextrose medium, as reported) were inoculated
with a single colony from transformation plates and grown for 60 h on glucose. For induction a final
methanol concentration of 0.5 % (v/v) was used. First induction was performed after 60 h of growth
on glucose with 250 pL of buffered media with 1% methanol (BMM2). Subsequently after 12 h, 24 h
and 48 h 50 uL of BMM10 (with 5% methanol) were added for further induction. Glucose levels were
determined with Combur test strips (Roche Diagnostics, Rotkreuz, Switzerland) or a Glucose UV kit
by DIPROmed (Vienna, Austria). The following antibiotic concentrations were used: E. coli: LB-
medium containing 25 pg/ml Zeocin, 50 pug/ml Kanamycin; P. pastoris: 100 pg/ml Zeocin, 300 pg/ml
Geneticin.
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The screening and rescreening procedures to compare the P. pastoris strains have previously been
reported (57). In short, in the initial screening round 42 colonies/transformants per construct were
picked and cultivated in 96 well deep-well plates. Under derepressed conditions, activities were
measured and glycerol stocks of the entire DWPs made. After methanol induction and data analysis,
four representative clones were chosen for the rescreening and therefore streaked for single
colonies from the glycerol stocks to avoid mixed populations. Transformants for the rescreening
were cultivated in seven-fold replicates. One representative clone was used for the comparisons
shown in Fig. 1 and Fig. 4. Due the unexpectedly high clonal variation encountered during this study,
the screening and rescreening data for the activator and conversion plasmids are provided as
supporting information S4 and S 8.

Cloning

The Zeocin based activator plasmids bearing a single activator and cloning of the promoters of
MXR1, TRM1 and PRM1 has been reported in the master thesis of Lukas Sturmberger alongside the
experimental procedures of the microarray experiments.

To allow transformation of the activators into existing production strains already bearing a plasmid
with Zeocin selection, the Zeocin marker of selected activator plasmids was replaced with a
Kanamycin/Geneticin marker (respective antibiotics for selection in E. coli/P. pastoris). The Zeocin
resistance marker cassettes of the Pcar;-TRM1, Peari-MXR1 and Pcar-eGFP vectors was cut out by
digestion with Notl and Swal. There were no unique restriction sites available to remove solely the
Zeocin marker, therefore also the adjacent AOX1 transcriptional terminator (AOX1TT) and the E. coli
origin of replication (pUC ori) were removed. The Kan/Gen selection cassette flanked by the AOX1TT
and the pUC ori was amplified form the pPpKan_S vector (58) using primers URA3-pUCori-Gib and
sTomato-AOX1TT-Gib (S 1). These primer sequences contained overhangs for Gibson assembly (60)
and where thereby linked with the Swal/Not! digested vector backbones. The entire inserted
sequences were confirmed by Sanger sequencing. Subsequently the CAT1 promoter sequences of
these vectors were shortened to 500 bp length. To this end, vector fragments containing the
shortened Pq47; and activators (or eGFP) were amplified using primers pAOX1-5prime-pCAT1-500-Gib
and intURA3-642..673-fwd-Gib. These PCR fragments were used in a Gibson assembly with the
universally applicable pAOX1fwd and intURA3-642..673-rev-Gib PCR product obtained from the Kan-
Pcar1 vectors previously generated. The entire vectors were confirmed by sequencing.

Fluorescence and enzyme activity measurements

eGFP and dTom reporter protein fluorescence was measured on a Biotek Synergy MX plate reader.
Samples were diluted in 96-well fluorescence microtiter-plates to a total volume of 200 uL. eGFP
fluorescence was measured at 488/507 nm (excitation/emission), dTomato at 554/581 nm. The
relative fluorescence unit (rfu) values were normalized to the ODgy value.

HRP and CalB activity assays were performed as described in the literature using 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid) (ABTS) and para-nitrophenyl butyrate (pNPA) as substrates
(59).
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Fig. 1: Expression of TRM1, MXR1 or PRM1 from the derepressed CAT1 promoter activates the AOX1 promoter under
derepressed conditions.

A)

B)

)

D)

Experimentally confirmed and hypothetical regulators involved in MUT gene regulation in P. pastoris.
Homologs to factors involved in catabolite repression and expression of glucose-repressed genes in S. cerevisiae
(S 3A) and factors from studies in P. pastoris and other methylotrophic yeasts are shown (S 2, S 3B). See S 3 for
extended discussion.

Transcriptional regulatory circuit design to activate Pox;. Psap OF Pcar; drive expression of a putative activator
that is activating P,ox; thereby leading to methanol free expression of the gene of interest (GOI).

Regulation of the GAP and CAT1 promoters used to drive expression of the putative regulators. The promoters
were cloned upstream of an eGFP reporter protein and transformed into P. pastoris. The strains were cultivated
in shake flasks and inoculated to a low starting ODgy,. Reporter protein fluorescence, ODgy and glucose levels
were measured. Fluorescence/ODgq, values at t=0 are not shown, as the starting ODgy, of 0.05 was outside the
linear range of the spectrometer used. The initial glucose concentration of the media was 55.5 mM (10 g/l).
Mean values (MVs) and standard deviatons (SDs) of biological triplicates are shown.

Testing for effects of 11 putative regulators on P,ox;. A reporter plasmid bearing a red fluorescent protein
variant (dTomato, dTom) under control of P,ox; Was generated (schematic on right side). Putative regulators or
an enhanced green fluorescent protein (eGFP) as control were expressed from Pgap Or Pcar;. Reporter protein
fluorescence (normalized per ODgy) was measured under repressed, derepressed and methanol induced
conditions from cells grown in deep well plates. Note that the signals of the two FPs used are not directly
comparable due to different quantum yields and fluorescence spectrometer settings used. MVs and SDs of
biological quadruplicates are shown. See S 4 for screening and rescreening data.
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Fig. 2
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Fig. 2: Regulation of the promoters of TRM1, MXR1 and PRM1 under glucose repressed, derepressed and
methanol induced conditions. The promoter sequences were cloned upstream of a red fluorescent protein
variant (dTomato) and transformed into the P. pastoris wildtype strain. The recombinant strains were grown in
deep well plates on glucose and induced with methanol after 60h. Glucose depletion was assayed by glucose
detection strips. Reporter protein fluorescence was measured at the time points indicated and normalized per
biomass (measured by ODsoo). Mean value and standard deviations of biological triplicates are shown.
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Fig. 3: Genome wide transcriptional response towards TRM1, MXR1 and PRM1 overexpression under control of Pcam
(compared to an eGFP expressing control strain). This analysis was performed similar to (18). Lists of differently regulated
genes between pairwise comparisons are provided in S 7.

A)

B)

Q

D)

The strains Pcar;-TRM1, Pcari-MXR1, Pcari-PRM1 and Pcar-eGFP were cultivated in bioreactors and grown past glucose depletion for
microarray analyses in biological duplicates (sampling point indicated by red line). Growth curves (ODsy) and reporter gene
fluorescence (dTomato under the control of Paox;, normalized per ODgoo) are shown. MVs and SDs of six measurements (technical
triplicates of biological duplicates) are shown. Glucose depletion was deduced by the oxygen peaks and confirmed by glucose
measurements.

Comparison of the transcriptional response of the four strains. In the lower left corner the number of down- (DN), not regulated
(NR) and upregulated (UP) genes is given (p < 0.01) [total number of probe sets: 5869]. In the upper right corner deregulated (DN or
UP) genes are listed by different fold change (FC) criteria [M1.0, 1.5 and 2.0 denoting the respective log2 values].

Comparative analysis of differential gene expression between Pcar;-TRM1, Pcari-MXR1 and Pcar;-PRM1. Each strain was at first
normalized to the Pcar;-eGFP control. The numbers of unique and overlapping genes showing up-, down- and deregulation are given
(FC >log2(1.0), p <0.05, the same criteria and normalization were applied for the analyses shown in panel D).

Functional grouping of differentially regulated genes to biologic processes by COG terms (45). The relative numbers of down-, not-
and upregulated genes assigned to the same COG terms are shown (each strain was compared to the Pcar;-eGFP control as in panel
C). The total number of genes assigned to each COG term is given in parentheses. Full COG terms if abbreviated : “Intracellular

trafficking, secretion, and vesicular transport”, “Secondary metabolites biosynthesis, transport and catabolism”, “Inorganic ion
”, “Translation, ribosomal structure and

” a

transport and metabolism”, “Posttranslational modification, protein turnover, chaperones”,
biogenesis”, “Replication, recombination and repair”, “Translation, ribosomal structure and biogenesis”, “Coenzyme transport and
metabolism”, “Carbohydrate transport and metabolism”, “Nucleotide transport and metabolism”, “Amino acid transport and

metabolism” and “Cell cycle control, cell division, chromosome partitioning”.
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Fig. 4
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Fig. 4: Conversions plasmids allow to transform existing Paoxi based expression strains into methanol
free systems.

A) A P. pastoris strain bearing a gene of interest (GOI) under control of P,oy; is transformed with
conversion plasmids containing the activators TRM1 or MXR1 (in the control construct eGFP) under
control of P,r; resulting after coselection in derepressed methanol free strains.

B) The conversion plasmids Pcar;-TRM1, Pcari-MXR1 and Pcar-eGFP were transformed into the
wildtype strains and strains bearing eGFP (panel C), CalB (panel D) and HRP (panel E) under control
of Paox: (PAOX1). The number of inactive transformants, transformants showing only dTomato
reporter fluorescence and activity and fluorescence are given. The screening landscapes are
provided in S 8.

C)-E) Enzyme activity (if applicable) and fluorescence measurements of the aforementioned strains
under derepressed (60 h growth on glucose, ‘d0’) and 48 methanol induced (‘d2’) conditions were
measured. Derepressed values of activator strains are compared to the methanol induced levels of
the parental (empty) strain. MVs and SDs of biological triplicates are shown.
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Supporting information

S1

S 1: Primer sequences used in this study.

Primer name

Sequence

URA3-pUCori-Gib

gagcccaatcgacaatttttcggattttgcatttaaatacatgtgagcaaaaggccagcaaaaggecag

sTomato-AOX1TT-Gib

cttgtacggtatggacgagctttataagtaagcggecgctcaagaggatgtcagaatgecatttge

pAOX1fwd

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAAC

intURA3-642..673-rev-Gib

ctatgaggcttcgtttcaggcgatacttccac

pAOX1-5prime-pCAT1-500-Gib

gtttcattcaacctttcgtctttggatgttagatct TAATCGAACTCCGAATGCGGTTCTCCTG

intURA3-642..673-fwd-Gib

gtggaagtatcgcctgaaacgaagectcatag
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S2

S 2: (A) Identities of proteins involved in the methanol dependent gene regulation in the methylotrophic yeasts P.
pastoris, H. polymorpha and C. boidinii and galactose dependent gene regulation in S. cerevisiae by a BLAST search. (B)
Detailed information on Tables taken from Lukas Sturmberger’s master thesis (Characterization of synthetic regulatory
elements for protein expression in Pichia pastoris, Master thesis, Graz University of Technology 2013).

A

BLAST results within four yeast species. Protein sequences from S. cerevisiae (taxid: 4932) were blasted (NCBI blastp) against the genome
of P. pastoris (taxid: 4922), C. boidinii (taxid: 5477) and H. polymorpha (taxid: 870730). Due to the lack of complete genome sequences in
the case of H. polymorpha and C. boidinii only single deposited files could be used to perform a BLAST search. For reasons of avoidance of
false positive hits, sequences from the latter two species without any corresponding experimental reference were omitted from the table.
Three-letter protein abbreviations in H. polymorpha, C. boidinii and S. cerevisiae were taken from referenced publications and SGD
(Saccharomyces Genome Database), respectively. All BLAST queries resulted in E-values <1le-25. n.s.a. no sequence available. n.h. no

homologue. * PpZtal is a medium-chain dehydrogenase/reductase, S. cerevisiae harbors 20 proteins.

Protein name (if annotated) - GenBank accession number

Gene name P. pastoris H. polymorpha C. boidinii S. cerevisiae
Mxrl Mxrl - CCA40655.1 Trm2 - BAJO7608.1 Adrl - AAA73863.1
n.s.a.
cov./seq.ident. 88%/37% 34%/55%
Prml Prm1 - CCA40959.1 Mut3 - AAK84946.1 Trm1 - BAF99700.1 Asgl - NP_012136.1
cov./seq.ident. 96%/53% 75%/74% 56%/53%
Swil Swil - CCA37890.1 Swil - AAQ75382.1 Swil - NP_015309.1
n.s.a.
cov./seq.ident. 99%/29% 75%/29%
Snfl CCA38457.1 AAN84785.1 Snfl - NP_010765.3
n.s.a.
cov./seq.ident. 51%/56% 98%/65%
Cat8 Cat8 - CCA38204.1 Cat8 - NP_014007.1
n.s.a. n.s.a.
cov./seq.ident. 74%/32%
Regl Hex2 - CCA36537.1 Regl-NP_010311.1
n.s.a. n.s.a.
cov./seq.ident. 44%/61%
Gal4 Lac9 - CCA37633.1 Gal4 - NP_015076.1
n.s.a. n.s.a
cov./seq.ident. 55%/29%
Trml CCA39317.1 Mpp1l-AAO72735.1 h
n.s.a. n.
cov./seq.ident. 68%/33%
Snf2 CCA40198.1 Snf2 - NP_014933.3
n.s.a. n.s.a.
cov./seq.ident. 76%/54%
Rpd3 Rpd3 - CCA37028.1 Rpd3 - NP_014069.1
n.s.a. n.s.a.
cov./seq.ident. 90%/87%
Hdal Hdal - CCA38680.1 Hdal - NP_014377.1
n.s.a. n.s.a.
cov./seq.ident. 92%/62%
Ztal CCA38647.1 ADH - ADM49192.1 Ztal - NP_009602.1
n.s.a.
cov./seq.ident. 99%/28%* 99%/59%
Rop1l Zmsl - CCA39607.1 Tda9 - NP_013630.1
n.s.a. n.s.a.
cov./seq.ident. 78%/32%

Migl CCA40819.1 Mig2 - ABU63593.1 | Migl - BAM38481.1 Migl - CAA39084.1
cov./seq.ident. 16%/74% 82%/41% 23%/87%
Mig2 Migl - CCA37444.1 Mig2 - ABU63593.1 Migl - BAM38481.1 Mig2 - NP_011306.1
cov./seq.ident. 16%/63% 29%/46% 30%/66%
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http://www.ncbi.nlm.nih.gov/protein/296040392?report=genbank&log$=prottop&blast_rank=1&RID=65604VFF01R
http://www.ncbi.nlm.nih.gov/protein/924931?report=genbank&log$=prottop&blast_rank=3&RID=6566G35V01R
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=ncbi-p&_issn=18716784&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.ncbi.nlm.nih.gov%252Fentrez%252Fquery.fcgi%253Fcmd%253Dsearch%2526db%253Dprotein%2526doptcmdl%253Dgenbank%2526term%253DCCA40959.1%5baccn%5d
http://www.ncbi.nlm.nih.gov/protein/21913144?report=genbank&log$=prottop&blast_rank=1&RID=656Z3PDJ016
http://www.ncbi.nlm.nih.gov/protein/166062724?report=genbank&log$=prottop&blast_rank=1&RID=6571MPV1013
http://www.ncbi.nlm.nih.gov/protein/6322061?report=genbank&log$=prottop&blast_rank=2&RID=6576VWG901R
http://www.ncbi.nlm.nih.gov/protein/34559252?report=genbank&log$=prottop&blast_rank=1&RID=657TYW91016
http://www.ncbi.nlm.nih.gov/protein/6325241?report=genbank&log$=prottop&blast_rank=3&RID=6584A2P3016
http://www.ncbi.nlm.nih.gov/protein/37723176?report=genbank&log$=prottop&blast_rank=1&RID=658BHUMC016
http://www.ncbi.nlm.nih.gov/protein/398366631?report=genbank&log$=prottop&blast_rank=1&RID=658KCTT101R
http://www.ncbi.nlm.nih.gov/protein/6323936?report=genbank&log$=prottop&blast_rank=2&RID=65911R7101R
http://www.ncbi.nlm.nih.gov/protein/6320231?report=genbank&log$=prottop&blast_rank=6&RID=659RAF50016
http://www.ncbi.nlm.nih.gov/protein/6325008?report=genbank&log$=prottop&blast_rank=5&RID=65A4RJGS016
http://www.ncbi.nlm.nih.gov/protein/33577018?report=genbank&log$=prottop&blast_rank=1&RID=65AB5AV8016
http://www.ncbi.nlm.nih.gov/protein/398366101?report=genbank&log$=prottop&blast_rank=2&RID=65CAA92N016
http://www.ncbi.nlm.nih.gov/protein/6323999?report=genbank&log$=prottop&blast_rank=2&RID=65DAMCUK013
http://www.ncbi.nlm.nih.gov/protein/6324307?report=genbank&log$=prottop&blast_rank=1&RID=65DJCVPV016
http://www.ncbi.nlm.nih.gov/protein/305380993?report=genbank&log$=prottop&blast_rank=1&RID=67B3XW8201R
http://www.ncbi.nlm.nih.gov/protein/6323559?report=genbank&log$=prottop&blast_rank=3&RID=67J110A901R
http://www.ncbi.nlm.nih.gov/protein/328354422?report=genbank&log$=protalign&blast_rank=1&RID=69RJJAFT01R
http://www.ncbi.nlm.nih.gov/protein/156447601?report=genbank&log$=prottop&blast_rank=1&RID=67JD6YZ601R
http://www.ncbi.nlm.nih.gov/protein/403066810?report=genbank&log$=prottop&blast_rank=1&RID=67JGP13N01R
http://www.ncbi.nlm.nih.gov/protein/3437?report=genbank&log$=prottop&blast_rank=1&RID=67JK6NCC01R
http://www.ncbi.nlm.nih.gov/protein/328351044?report=genbank&log$=protalign&blast_rank=1&RID=69RBZFPG01R
http://www.ncbi.nlm.nih.gov/protein/156447601?report=genbank&log$=prottop&blast_rank=1&RID=67KAVB9101R
http://www.ncbi.nlm.nih.gov/protein/403066810?report=genbank&log$=prottop&blast_rank=1&RID=67KDCKXD01R

B

Table 4.1.: Synopsis of putative factors involved in the regulation of carbon metabolism listed with their

respective function in methylotrophic yeasts. Listed in this table is condensed information of published data
in methylotrophic yeasts P. pastoris, H. polymorpha and C. boidinii. In case we were unable to find
experimental data from methylotrophic yeast species, we would reference to the homologous protein function
in S. cerevisiae.

p -
rotein Function Size [bp] References
name
Master regulator of methanol and peroxisomal genes in P.
pastoris Mxrlp and C. boidinii (Trm2p), the S. cerevisiae

Mxrl homolog Adrlp is also involved in activation of catabolite 3468 (21,25, 38)
repressed genes
Prm1p in P. pastoris and its homologue Trm1p in C. boidinii and

Prml 2970 24,61, 62

rm Mut3p in H. polymorpha are positive regulators of MUT genes ? (24, 61,62)
Regulator of methanol inducible genes, homolog Mppl

Trml | (methylotrophic peroxisomal proteinl) in H. polymorpha 2667 (23, 63)
important for growth on methanol

Swil 2454
ASwilASnf2 double knockout showed defective methanol (32)
utilization in H. polymorpha

Snf2 5009

Snfl S. cere'\//sme Snfl .klnase is a master regulator of carbon 1664 (64)
catabolite-derepression

Cat8 Zinf: cIt.Jster transcriptional activator involved in S. cerevisiae in 3111 (65)
activation of catabolite repressed genes.
Annotated as regulatory subunit of Glc7p master phosphatase in

Regl | P. pastoris, Glc7p acts antagonistically to master kinase Snfl by 1995 (66)
dephosphorylation
S. cerevisiae regulator of galactose metabolism, in P. pastoris

Gald | annotated as Lac9, unknown function as P. pastoris is unable to 2988 (67)
grow on galactose
Histone deacetylases from S. cerevisiae, regulate transcription,

Rpd3 . . . . 1516
silencing, autophagy and other processes by influencing
chromatin remodeling, Arpd3 and Ahdal genes allowed (41, 68)

Hdal & amp & 2216

constitutive promoter binding of Adrl and Cat8
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S 3: (A) Factors involved in catabolite repression and expression of glucose-repressed genes in S. cerevisiae. (B) This
information and studies in P. pastoris and other methylotrophic yeasts was used to generate a model of hypothetical
factors involved in P. pastoris MUT gene regulation (also shown in the main manuscript as Fig. 1A).
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In S. cerevisiae, not only presence of activators such as Adrlp and Cat8p are required to trigger
expression from glucose-repressed genes, also their phosphorylation status controls their activity.
The master kinase Snfl and associated subunits are activated upon glucose depletion,
phosphorylating and thereby activating a number of proteins required for glucose-repressed genes.
The phosphatase Glc7 (requiring the regulatory subunit Regl) is the antagonist of Snfl required for
maintaining glucose repression. The red and green arrows indicate activation and inactivation,
respectively. Snfl mediated phosphorylation is not directly activating all factors, but favoring
expression of derepressed genes. The repressors Miglp/Mig2p are inactivated by phosphorylation,
thereby alleviating glucose repression. Possible interactions that still remain to be elucidated are
marked with a question mark as in the case of the SWI/SNF and the Hap complex.

Although homologs to the S. cerevisiae master regulators exist in methylotrophic yeasts, their exact
regulation is unknown. Only experimentally verified interactions are shown as arrows, unclear and
hypothetical interactions are marked with a question mark. See S 1 for further details

S4

S 4: Activator constructs form Fig. 1D: Screening landscapes comparing approximately 42 transformants
per construct under derepressed and methanol induced conditions and rescreening data. Transformants
selected for rescreening are marked with red boxes in the screening data. These transformants were streaked for
single colonies to rule out mixed populations and tested in a rescreening in 7-fold replicates for reproducible
expression. One representative transformant (again marked by a red box) was used for the results shown in Fig.
1D.
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S 5: Pcari-MXR1 and Pcari-MXRI1c strains show growth defects compared to the wildtype strain.
ODgyo as a measure for cell growth were sampled under derepressed conditions and methanol
induced conditions. The measurements of the same strains from the same experiment shown in Fig.
1D are shown. The ODgqy, values are shown as percent of the wildtype strain.
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S 6: Growth of the strains shown in Fig. 1D on different carbon sources. The RFU/ODgo values are given
for the red fluorescent protein dTom, except for the controls which expressed eGFP additionally. Strain were
grown for 60 h in DWPs on the following carbon sources (concentrations as reported previously (18)): glucose
(BMD), glycerol (BMG), ethanol (BME), mannitol (BMMan), oleate (BMO) and methanol (BMM).

S7

S 7: Lists of genes differentially regulated in the microarray data.

Each sheet contains the data of the pairwise comparisons of two conditions (see also Fig. 3).
Significantly differentially regulated genes (p < 0.01) are shown. In addition to the comparisons
under derepressed conditions (summarized in Fig. 3), the TF overexpressing strains Pcar-TRM1,
Pcari-MXR1, Pcari-PRM1 are also compared to the control strain Pcar;-eGFP under methanol induced
conditions. The data on the convtrol strain Pcir;-eGFP under glucose repressed, derepressed,
methanol induced and glucose induced conditions has previously been published (18). In the same
bioreactor cultivation runs, RNA isolations, reverse transcription and micro array hybridization
experiments we had also included Pcar;-TRM1, Pcari-MXR1 and Peari-PRM1. Therefore there is no
additional bias of separate experiments arising.

Abbreviations:

COG: Clusters of Orthologous Groups of proteins (45); COGCat: COG category; COGCatDesc: COG
category description; EC: Enzyme Commission number; GO: Gene Ontology term; log2FC: logarithm
to the basis 2, calculated for fold changes; Abslog2FC: absolute log2FC; P.Value and adj.P.Val:
probability values calculated from two biological replicates.

S8

S 8: Screening and rescreening data of transformations of the conversion plasmids Pcarti-MXR1, Pcati-
TRML1 and the control plasmid Pcat1-eGFP into the wildtype strain (wt) and strains bearing CalB, HRP and
eGFP under control of Paox1 (pPAOX1). Fluorescence measurements (in all strains indicative of the dTomato
gene on the conversion plasmid) and enzymes activities are shown (enzyme activities are only shown as a
relative comparison as mili absorption units per minute). Identical to S 3, transformants selected for rescreening
are marked with red boxes in the screening data. These transformants were streaked for single colonies to rule
out mixed populations and tested in a rescreening in 7-fold replicates for reproducible expression. One
representative transformant (again marked by a red box) was used for the results shown in. Fig. 4C-E. For the
screening data, derepressed conditions (60 h growth on glucose) are shown. For the rescreening derepressed
conditions are in part referred to as ‘d0’. Also 24 h methanol induced data are in part shown and referred to as
‘d1’.
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Abstract

Tagging proteins is a standard method facilitating protein detection, purification or targeting. When
tagging a certain protein of interest, it is challenging to predict which tag will give optimal results
and will not interfere with protein folding, activity or yields. Here we present a vector family of 40
plasmids allowing simple, seamless fusions of a single PCR product with various N- and C-terminal
tags, signal sequences and promoters. In conventional cloning, tags are either added on PCR primers,
requiring a distinct primer per tag, or provided on the vector, leaving a restriction site scar. The
restriction site free cloning (RSFC) strategy presented in this paper relies on seamless cloning using
type IIS restriction endonucleases. After cutting out a stuffer (placeholder) fragment from the
vectors, a single PCR product can be directly inserted in frame into all 40 plasmids using blunt end or
TA ligations, requiring only verification of the orientation.

We have established a RSFC vector family for the commonly used protein expression host Pichia
pastoris and demonstrated the system with the secretory expression of horseradish peroxidase
(HRP). HRP fusions to four tags (Myc, FLAG, His, Strep) and two fusion proteins (GFP and MBP)
showed a 31 fold difference in volumetric activities. C-terminal tagging caused in some cases almost
a complete loss of function, whereas N-terminal tags showed moderate differences. The results
obtained with HRP underline the importance of comparing different tags to maximize activities of
fusion proteins. In a similar fashion the RSFC strategy could be applied to screen for optimal tags,
promoters or signal sequences in other expression systems or to facilitate the evaluation of (iso-)
enzyme families.

Introduction

Protein tags are commonly applied tools facilitating purification (affinity tags), enabling immuno-
detection (epitope tags) or increasing solubility. Fusions to fluorescent proteins help elucidating the
cellular localization and fusions to signal sequences provide specific intracellular targeting or
secretion [1,2]. However, as an extrinsic addition to a protein of interest (POI), such fusions may also
show detrimental effects by affecting protein conformation, yields, activity or stability [1,3]. The
specific interactions of the POI with a certain tag are generally hard to foresee and may also depend
on the position of the tag (N- or C-terminal). Unknown proteolytic processing or intracellular
targeting of the POl may also influence the suitability of a specific fusion site. In addition, the same
tagged protein may behave differently depending on the host system used (e.g. bacteria, yeast,
higher eukaryotes) [4]. As there are large numbers of affinity, epitope tags and fusion proteins
available it is challenging to predict the optimal choice for a certain POI. Therefore, commonly
multiple tags are tested in N- or C- terminal positions and screened for optimal results [4-7].
However, preparing expression constructs containing multiple tags may require tedious cloning
work. Tags are commonly provided on the plasmid adjacent to the multiple cloning site (MCS). This
requires unique vectors for each tag and N-/C-terminal position. The gene of interest (GOI) needs to
be cloned into the MCS via unique restriction endonuclease (RE) recognition sites. These restriction
site scars remain in the protein coding sequence (CDS) and are later translated into additional amino
acids, which may interfere with the POl's properties. Also cloning strategies based on in vivo
recombination such as Gateway (e.g. [8]) leave the recombination sequence as a scar in the CDS.
Ideally, tags should be fused seamlessly to the GOl i.e. without any restriction site scars or additional
sequences from the MCS. Seamless cloning can be achieved by various strategies [9]. Frequently,
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tags are directly added by PCR as a 5’ overhang of a primer and thereby seamlessly attached to the
CDS. This approach requires however a unique primer for each tag, N-/C-terminal position and each
GOl.

We aimed to design a simple, seamless system to facilitate testing of multiple tags in N-/C-terminal
position at minimal cost and effort (e.g. without the need to order numerous primers).

Several novel cloning methods are completely independent of REs and allow simple assembly of
multiple fragments solely by short overlaps (around 25 bp) relying on in vitro ‘recombination’ (e.g.
annealing of single stranded overhangs and enzymatic linkage). These methods include SLIC
(sequence and ligation—independent cloning) [10], SLICE (Seamless Ligation Cloning Extract) [11],
Gibson assembly [12], CPEC (Circular Polymerase Extension Cloning) [13] and are concisely compared
on the website of the Joint BioEnergy Institute (JBEI), Emeryville, CA ,USA [14,15]. All these methods
may be used to seamlessly add a tag to a protein by adding the tag sequence to a PCR primer.
However, there is an additional overhang required for in vitro recombination with the vector,
requiring relatively long primers. Most inconveniently a new primer is needed for each tag, each
position and each POI to be tested.

Therefore we have based our strategy on type IIS REs. In contrast to type Il REs, which recognize and
cut within a palindromic sequence, type 1IS REs cut outside of a non-palindromic recognition
sequence [16,17]. Thereby RE site scars can be circumvented making type IIS REs prominent tools for
seamless cloning [9]. There are various type IIS enzymes available that create different types of
overhangs including up to 4 bp overhangs suitable for sticky end cloning (e.g. Eam1104l [18], Bsal
[19,20]), single base pair overhangs that can be applied for TA cloning (e.g. Xcml [21,22], Eam1105I
[23,24], BciVI [25]) or blunt end cloning (Mlyl/Schl [25,26]), see Fig. 1 A.

In this study we have evaluated type IS REs for blunt end and TA cloning and designed a restriction
site free cloning (RSFC) strategy that enables simple, seamless cloning of a PCR product in frame with
any desired upstream or downstream sequence in a vector. Based on this strategy, we have
designed a RSFC vector family of 40 plasmids for the methylotrophic yeast Pichia pastoris, a
commonly used protein production host for industrially relevant biocatalysts and
biopharmaceuticals [27-29]. The vectors feature different epitope and affinity tags (Myc, FLAG, His,
Strep) and fusion proteins (eGFP and MBP) in N- and C-terminal position that are provided for
intracellular and secretory expression.

Results and Discussion

Restriction site free cloning (RSFC)

Blunt end vs. TA cloning concept

We aimed to design a vector system in which a single PCR product of a GOI can be directly fused,
sequence independently to various N- or C-terminal tags provided on different plasmids. Thereby
only two primers are required to test seamless fusions of multiple tags with the GOI. This design is
achieved by inserting a stuffer (placeholder) fragment flanked by two type IIS RE sites in opposite
orientations in all vectors (Fig. 1 B-D). The CDSs of different N- and/or C-terminal tags or fusion
proteins are provided upstream/downstream of the stuffer fragment. By digestion using the
respective type IS RE, the stuffer fragment including the RE sites is cut out, resulting in RE site free
vector backbones that can be directly ligated with the same PCR product (Fig. 1 B).

Commonly used type IS RE based cloning strategies such as Golden Gate cloning [19,20] cannot be
used for this purpose as they rely on type IIS enzymes creating short overhangs such as Eam1104l or
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Bsal (Fig. 1 A). The use of these enzymes requires also RE digestion of the PCR product and the
overhangs created on the vectors would differ between tags and impede seamless fusions.

Direct, sequence independent cloning of PCR products is in this context only possible by using TA
cloning or blunt end ligations. These methods are in general not directional (with a few exceptions
e.g. [25,26]) and require verification of the orientation (e.g. by colony PCR, cPCR). TA cloning is based
on the property of Tag-Polymerase to add a single deoxyadenine (dA) nucleotide at the 3’ ends of
amplified DNA [21]. These PCR products can be directly cloned using a vector with a single 3’
deoxythymidine (dT) overhang. TA cloning works more efficiently than blunt end cloning [21],
however the required dA nucleotide complicates seamless fusions to tags as it must be universally
incorporated in the transitions between tag and vector. In this respect, blunt end ligations, that are
completely sequence independent, are more favorable.

We designed test vectors based on type IIS REs for blunt end and TA cloning to compare their
suitability. There is only one blunt end type IS RE available that cuts outside of its recognition
sequence (Mlyl). Mlyl has also been established for directional blunt end ligations of PCR products
using a lacO, lacZ based blue-white screening in Escherichia coli [25,26]. There are several type IIS
REs available, that create a single base 3’ overhang (e.g. Bmrl, BciVl, Hphl, see Fig. 1 A). We tested
commercially available preparations of these three enzymes all of which showed sufficient cleavage
efficiencies (data not shown). Hphl and BciVl have been previously used for TA cloning [21,25], yet
these restriction sites were present more frequently in the vector backbones we wanted to use.
Therefore we used Bmrl.

The basic sequence design of the transitions between the vector, the type IIS restriction sites and
the stuffer fragment are shown in Fig. 1 C,D. For blunt end cloning using Mlyl, the design is
completely sequence independent (Fig. 1 C). For TA cloning, 3’ dT residues must be provided on the
vector backbone and incorporated in the transition between vector and GOI. We solved this by using
the dT nucleotide of the start codon (ATG) and the dA nucleotide of a partial stop codon (TAX),
creating a 3’ dT base on the reverse strand (Fig 1. D). Depending on the desired sequence context, ‘X’
may be provided on the vector side as A/G for a stop codon (translation termination) or T/C (coding
for tyrosine, for linkage of C-terminal tags).

Cloning efficiencies

We compared the basic blunt end and TA cloning based system at first with expression vectors for
Schizosaccharomyces pombe as these plasmids required fewer modifications in the vector
backbones than the P. pastoris plasmids we intended to use. See Figure S 2 for plasmid maps and the
Materials and Methods section for details on the design. After cutting out the stuffer fragment using
Milyl or Bmrl, the vector backbones were dephosphorylated to counter act self-ligation. Primers for
insert amplification were phosphorylated prior to ligation (see Material and Methods section for
experimental details and a simple, cost effective protocol). Both cloning strategies resulted in similar
transformation efficiencies (via electroporation), approximately 10° to 10° colony forming units
(cfu)/ug DNA (in the ligation reaction) with self-made competent cells (competence with circular,
supercoiled plasmids: 10° to 10’ cfu/pg DNA) and in both cases all 10 out of 10 clones tested
contained an insert. We verified the orientation by cPCR; as statistically expected approximately half
the clones contained an insert in the correct orientation (blunt end/Milyl: 5 of 10, TA cloning/Bmrl: 7
of 10). Supplementary figure S 3 outlines a simple cPCR strategy to test the correct orientation (using

sequencing primers of the vector and the primers used for amplifying the insert). The vector/insert
transitions were confirmed by sequencing and did not show any mutations. However, when cloning
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an insert into a larger set of vectors using blunt end ligations (see P. pastoris vectors below) we
noticed occasionally single bp deletions of the insert adjacent to the vector transition (<5% of
constructs). Sequencing of additional transformants resulted in all cases in correct sequences.
Notably, the deletions were always in the 5’ ends of the insert and occurred more often after
repeated freeze/thaw cycles of the PCR product. We therefore recommend aliquoting the PCR
product and vector backbones and using them only once.

In general these RSFC ligations resulted in lower efficiencies (cfu/ug DNA) than comparable sticky
end ligations, but still yielded sufficient numbers of transformants for our standard cloning
applications. Mlyl based blunt end ligations worked similarly efficient as Bmrl based TA cloning.
Previously, TA cloning has been reported to be more efficient than blunt end cloning [21], however
the difference may arise from the different enzymes used for vector preparation in our study.

We mutated Mlyl sites present in the vector backbones to enable the stuffer removal (see Material
and Methods section for details). All mutations but one resulted in no differences in DNA yields
compared to the parental plasmids. Mutating a Mlyl site in the E. coli pUC origin of replication to a
sequence previously reported [25,26] decreased plasmid yields to approximately 30 % of the
unmutated parental plasmid (wildtype pUC: ~400 ng/ul, Mlyl mutated pUC: ~120 ng/ul). The Mlyl
site appears also in other high copy number origins of replication and switching to a lower copy
number ORI would also result in lower plasmid yields. We intended to use the RSFC plasmids only for
sub cloning and aimed to perform expression in P. pastoris. To this end mini prep yields (typically
>5ug) were sufficient. However if similar plasmids should be used for expression in E. coli, we would
recommend to screen other possible mutations of the Mlyl site using degenerate primers to restore
wild type plasmid yields.

However, the blunt end/Mly! based strategy allowed completely seamless cloning whereas seamless
TA cloning was hindered by the requirement for dT/dA bases in the insert/vector transition. This
problem is similar to the use of typellS enzymes creating longer sticky end overhangs that need to be
complementary between all plasmids of a vector family (for example in plasmids by BioGrammatics,
Inc., Carlsbad, CA, USA and ‘Electra’ plasmids by DNA2.0, Inc., Menlo Park, CA, USA). As outlined in
Fig. 1 D, the TA strategy can be still used for fusion of the same PCR product to different tags,
however N-terminal tags are always linked via an ATG (coding for methionine/start), whereas C-
terminal tags must be linked via tyrosine codons. Tyrosine is naturally a relatively rarely occurring
and bulky amino acid, making it structurally rather unfavorable as a linker to an adjacent tag. In
‘Electra’ plasmids by DNA2.0 this issue is solved by adding an additional C-terminal ‘linker’ amino
acid to all vectors, whereas in the RSFC strategy only vectors with C-terminal tags require a linker
amino acid. Still we have solely focused on the blunt end/Mlyl based strategy in the following
plasmid design for P. pastoris. The blunt end/Mlyl based ligations required no A-tailing step of PCR
products but reached similar ligation efficiencies as TA cloning and allowed completely sequence
independent fusions.

In summary, our cloning approach, relying on blunt end or TA ligations between a phosphorylated
PCR product and a dephosphorylated vector backbone created by type IIS RE digestion, allowed
seamless, sequence independent cloning at reasonable efficiencies. PCR products can be directly
used for ligations and do not need RE digestion, therefore any insert sequence can be used (TA
cloning with proof reading polymerases requires a separate dA-tailing step). There have previously
been type IIS based cloning efforts using blunt end and TA ligations for the cloning of PCR fragments
[21-26]. However, these strategies did not allow seamless fusions and are in part with lacO, lacZ
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based blue white screening [25,26], despite the convenience of directional cloning, even
incompatible with seamless fusions. To distinguish our approach from these efforts and other type
IIS based strategies such as Golden Gate cloning [19,20], we have termed our approach restriction
site free cloning (RSFC).

RSFC plasmids for P. pastoris as toolbox for optimizing
protein production

Tags and fusion proteins

We applied the RSFC cloning strategy to design a plasmid family for P. pastoris allowing seamless
fusions of a GOI with various tags and fusion proteins in N- and C-terminal position. There are
different expression plasmids available for P. pastoris based on various cloning strategies such as
Gateway [8], TA cloning [22,25], sticky end type IS ligations (plasmids by BioGrammatics, ‘Electra’
plasmids by DNA2.0) and ‘classical’ typell RE/ligation based systems ([30-32] and P. pastoris
plasmids by Life Technologies, Carlsbad, CA, USA). The pCri vector family [32] is a multi-host
platform, allowing to clone a single PCR product via restriction digestion and a MCS into different
vectors. For P. pastoris only three pCri plasmids with a His tag are available. Therefore none of the
vector systems currently available for P. pastoris offer different tags and only the BioGrammatics
and Electra plasmids by DNA2.0 vectors allow seamless, yet sequence dependent cloning still
requiring restriction digestion of the insert.

We designed a set of 40 RSFC plasmids for P. pastoris (termed pPpRSFC) offering different tags (Myc,
FLAG, His, Strep) and fusion proteins (enhanced green fluorescent protein, eGFP and maltose
binding protein, MBP) in N- and C-terminal position, see Tab. 1 for exact properties and Fig. 2 for a
schematic vector map. We have assigned numbers (#1 to #40) to the plasmids and are using them
hereafter when referring to a specific construct.

After stuffer removal by Myl digestion, a single PCR product can be cloned in a seamless and
sequence independent fashion into all vectors, fused to tags and fusion proteins ranging from 18 to
1101 bp in length. Epitope and affinity tags are included and constructs with affinity tags contain a
TEV protease cleavage site to allow tag removal. The hexameric His tag is provided with and without
TEV protease cleavage site. MBP is provided as a fusion protein with the potential to improve
solubility and act as a purification tag, although in P. pastoris problems with proteolytic degradation
have been reported [33]. eGFP is an enhanced version of GFP allowing simple fluorescence detection
of tagged proteins.

When cloning a GOI into the pPpRSFC vectors, the forward primer must be designed starting at the
DNA sequence coding for the 2" amino acid of the POI (omitting the ATG start codon). The reverse
primer must be designed starting (on the reverse strand) at the DNA sequence coding for the last
amino acid/penultimate codon (omitting the stop codon). Especially a stop codon on the PCR
product would interfere with tag fusions, therefore the start and stop codon are always provided on
the vectors and must be omitted from PCR inserts.

P. pastoris is not only suitable for intracellular expression but can also produce secreted
heterologous proteins at high titers while secreting only little endogenous protein [27-29].
Therefore we designed all plasmids also for secretory expression using the S. cerevisiae mating
factor alpha pre-pro signal sequence (MF alpha), the most commonly applied signal sequence in P.
pastoris. The MF alpha sequence is processed by two proteases (Stel3 and Kex2) that cleave the

7/24
194



amino acid sequence KREAEA at the end of MF alpha [34]. Kex2 cleaves efficiently after KR whereas
the Stel3 cleavage after the EA repeat may be incomplete, depending on the following amino acids
of the POI. In several cases removal of the EAEA repeats has led to a more homogenous product
[35,36]. Therefore we designed the basic MF alpha pPpRSFC plasmids (#2, 3, 5, 6, 36, 37, 39, 40) with
and without the EAEA sequence. Plasmids bearing tags always contain the EAEA repeat (Tab. 1).

Promoters, integration events and resistance markers

The pPpRSFC plasmids are based on the pPpT4 vector family reported by N&aatsaari et al. [30] and
also used as a platform for the P. pastoris Electra vectors by DNA2.0. The majority of pPpRSFC
plasmids contain the promoter of the alcohol oxidase 1 gene (pAOX1). This strong, tightly regulated
methanol inducible promoter is most commonly used in P. pastoris [37]. We have also designed
basic plasmids bearing the glyceraldehyde-3-phosphate dehydrogenase promoter (pGAP) to enable
methanol free, constitutive expression (see Tab. 1).

In contrast to the yeast S. cerevisiae, where stable, autonomously replicating plasmids are available,
circular plasmids bearing a yeast ARS (autonomously replicating sequence) are not stable in P.
pastoris and genomic integration of plasmid cassettes is the method of choice for heterologous gene
expression [27,38]. Most commonly P. pastoris integration cassettes are created by linearizing
plasmids or generation of linear cassettes by PCR [39,40] and targeted to the AOX1 locus via
homologous sequences. Depending on the linearization site in the plasmid, different homologous
recombination events can be targeted [38]. The pPpRSFC plasmids allow linearization to target gene
replacement at the AOX1 locus. Thereby the endogenous AOX1 gene is deleted and the minor AOX2
gene must take over the function of oxidizing methanol to formaldehyde. Due to the lower
expression levels of AOX2, these aox1 knockout strains show a Mut® (methanol utilization slow)
phenotype, which may result in higher yields than a Mut® phenotype [41,42]. This can be achieved
by linearization using Bglll. If the Bgl/ll site is present in the insert, the vectors can still be linearized
using the rare 8 bp Swal sites as a failsafe backup. If a Mut® phenotype is desired, the vectors can be
linearized using unique REs cleaving in the 5’ or 3’ homologous sequence (e.g. Pmel, Asel or EcoNl,
BsrBl). However, due to low homologous recombination frequencies in P. pastoris wildtype strains
[30], even when targeting a gene replacement at the AOX1 locus (expected Mut® phenotype), still
the majority of transformants are Mut®. Therefore it is necessary to validate the Mut phenotype by
growth on methanol plates.

The RSFC plasmids are based on a modular design, the promoter, N- or C-terminal tags, terminator,
the resistance marker and the 3’ homologous sequence can be easily exchanged using unique
restriction enzyme sites (Fig. 2). Most plasmids are based on Zeocin selection, however basic
expression plasmids (#35-40) were also constructed with a histidine marker to be used with
auxotrophic strains. The tagged expression cassettes from the Zeocin plasmids can be easily shuffled
to the histidine plasmid backbones using unique Pcil and BamHI sites.

In the pPpRSFC plamids not only the transition between the insert and the vector is seamless, also
the transition of the promoter to the start codon and the stop codon to the terminator are seamless.
In standard RE based cloning, the MCS may interfere with translation initiation [43] and this appears
relevant for the AOX1 promoter as extensions of the 5" UTR (also caused by a MCS) were shown to
negatively affect expression [44].
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Applications of RSFC vectors to optimize HRP expression in P.

pastoris

Effects of tags and fusions proteins in N- and C-terminal position

With the set of pPpRSFC plasmids available, we aimed to validate the system with a typical
application. We tested expression of horseradish peroxidase (HRP), a commonly used reporter
enzyme for signal amplification in diagnostic kits and immunohistochemistry. Secretory expression
of HRP has been previously demonstrated in P. pastoris [42,45-47]. Cytoplasmic expression
promised little chance of success as HRP is a secretory plant peroxidase that requires formation of
disulfide bridges and is typically glycosylated in the secretory pathway [48,49]. Still, we tested the
basic pPpRSFC plasmid (#1, untagged, pAOX1) for cytoplasmic HRP expression. This construct
showed neither activity in the supernatant (Fig. 3) nor in the cytoplasm (data not shown). Therefore
different tags were only evaluated for secretory expression. A single PCR fragment of HRP was
cloned into the vectors as outlined above. All pAOX1 plasmids were linearized via Bglll sites to target
a gene replacement event at the AOX1 locus, and screened for a Mut® phenotype, which has been
reported to be more favorable for HRP expression than Mut” [42].

The different tags and positions had diverse effects on volumetric HRP activities (Fig. 3) and led to
valuable insights. For all tags, the N-terminal version was giving higher activities than the C-terminal
version. For the larger fusion proteins (eGFP and MBP), C-terminal tagging even led to almost
complete loss of activity (#10 and #30). Comparing the tagged construct with the highest activity
(#21) with the construct of the lowest activity (#10) gives a 31 fold difference. Surprisingly, N-
terminal tagging with the relatively large eGFP (and MBP) did not strongly affect activity, whereas
shorter tags (Myc, FLAG, His, Strep) showed varying effects. The N-terminally His tagged construct
with TEV protease cleavage site (#25) showed the lowest activity of all N-terminally tagged proteins.
However, the N-terminal His tagged construct without TEV protease cleavage site (#21) showed
activity similar to other tags, hinting a negative effect of the TEV protease cleavage site in this
context. Changes of the MFalpha sequence by removal of the EAEA sequence decreased activity 1.6
fold with the methanol inducible AOX1 promoter (#2 vs. #3). With the constitutive GAP promoter (#5
vs. #6), removal of the EAEA sequence even led to a 17 fold decrease in activity. A possible
mechanistic explanation would be that the EAEA repeats improved secretion due to increased Kex2
cleavage efficiencies ([50,51]). pGAP driven HRP expression was therefore, depending on the
presence of EAEA repeats, competitive to the methanol inducible pAOX1. Due to shorter process
times (not requiring methanol induction) pGAP driven expression may even be more favorable for
HRP production regarding space time yields and process setup.

The effects seen on volumetric activities by using different tags may be caused by various reasons.
On the one hand the tags may have interfered to a different extent with protein folding or access of
the substrate to the active site thereby negatively affecting activity. On the other hand they also may
have affected the protein yields by altering the protein stability, interfering with the secretion
process or even on the mRNA level with transcript stability. Also the tags or linker sequence may
have targeted proteolytic degradation, as previously reported for MBP in P. pastoris [33]. However,
as we aimed only to evaluate the suitability of the RSFC strategy for screening different tags, we did
not further investigate the underlying causes. The pPpRSFC plasmid family proved to be a simple
tool to optimize volumetric activities of tagged HRP, showing that especially the tag positions and
presence of EAEA repeats are crucial factors.
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Fluorescence microscopy of strains expressing eGFP tagged HRP

GFP has routinely been used in P. pastoris as an intracellular reporter for comparing promoter
activities [52-54] and to facilitate screening of protein production by testing fusions proteins [55],
especially for membrane proteins [56—-58]. Concerning GFP fusions of secretory proteins, conflicting
results were obtained. In some cases GFP was successfully used as secretion reporter and for protein
fusions [59-62]. In other cases problems with secretion (e.g. intracellular retention) were noticed
[63—66]. As we had also designed N- and C-terminal fusions with eGFP (including the MFalpha signal
sequence for secretion, #9 and #10), we performed fluorescence microscopy to investigate possible
cellular retention and bottlenecks in the HRP secretion process.

The N-terminal eGFP-HRP fusion exhibited largely unchanged HRP activity, whereas the C-terminally
tagged version had almost completely lost activity (Fig. 3). We also included controls of intracellular
eGFP expression (#1) and secretory eGFP alone (without an HRP fusion, created by self-ligating #9).
Fluorescence microscopy images of methanol grown cells are shown in (Fig. 4). While cytoplasmic
expression showed bright fluorescence of the whole cell (D), all secretory constructs (A,B,C) showed
punctate structures. These structures appeared somewhat similar to ER or Golgi mistargeting
observed previously when expressing a GFP tagged membrane protein (human p-opioid receptor, a
G-protein coupled receptor) [65]. Most notably also the control of eGFP alone (C), without an HRP
fusion showed this retention. eGFP was apparently poorly secreted in P. pastoris and effects evoked
by HRP may be masked and outweighed by the poor eGFP secretion.

We also measured eGFP fluorescence in the supernatant and the cell fraction (Figure S 4).
Fluorescence in the supernatant could be detected for secretory constructs (A,B,C), while the
cytoplasmic eGFP expression control (D) showed only marginal fluorescence in the supernatant.
However, also for the secretory constructs (A,B,C) intracellular fluorescence surpassed fluorescence
in the supernatant approximately 5 to 12 fold. These results suggested together with the microscopy
images, that large amounts of eGFP were withheld in the secretion process. In this respect, eGFP
fusion proteins may be used with caution when investigating secretory processes in P. pastoris.
However, these effects may also be protein dependent, as there were cases reported where GFP
was successfully used to evaluate signal sequences [59,60] and some GFP fusion proteins were
sufficiently secreted [61,62].

Conclusions and outlook

The RSFC cloning strategy outlined here and the pPpRSFC plasmid family are simple tools to optimize
expression of tagged proteins with little cloning efforts. RSFC requires at first the design and
assembly of the vector family to be used. However, subsequent screening is drastically facilitated as
large amounts of vector backbones can be prepared at once by Mlyl digestion. Subsequently, the
backbones ready for cloning can be frozen as aliquots and thawed when needed.

There have been systems reported previously that allow testing of the expression of a POl in
different expression hosts by using only two PCR products [67]. This approach is based on ligation-
independent cloning (LIC) similar to [10—13,68]. While these methods allow highly efficient, seamless
cloning, they rely on the annealing of single stranded overhangs, thereby requiring identical
sequences between vector and insert. Therefore these methods are not suitable for seamless,
sequence independent fusions possible with RSFC. However, as a downside of RSFC the blunt end
ligations work less efficiently than annealing based in vitro recombination methods [10-13] and
confirmation of the correct orientation is required. Otherwise only about 50% of the transformants
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show the desired orientation which is a disadvantage for library approaches. Nevertheless, after
stuffer removal, inserts can also be cloned directionally into RSFC plasmids by in vitro recombination
methods. However this task requires the design of a separate primer for every tag and position to be
tested as the overhang required for annealing changes between the vectors. We recommend using
in vitro recombination methods (such as Gibson assembly [12]) with pPpRSFC plasmids when testing
only a few constructs. When testing a larger number of constructs, the increased costs for primers
and materials associated with in vitro recombination methods outweigh the costs for cPCRs to test
the orientation of blunt end ligations.

A limitation of the RSFC system reported here is the use of Mlyl, the only type IIS enzyme performing
a blunt end cleavage. The recognition sequence of Mlyl is five bp long (Fig. 1 A), thereby posing a
problem as it appears statistically once per 512 bp (4°/2) [69]. This may require frequent removal of
Mlyl sites in the vector backbones to be used. Mlyl sites in CDSs of tags, fusion proteins and
resistance markers can be easily removed by mutating the Mlyl sequence to synonymous codons.
However, mutating sites present in promoters, terminators or origins of replication have to be
validated for unchanged functionality (or must be exchanged for parts free of Mlyl sites). These
issues could be solved by using artificial type 1IS REs with longer recognition sequences. The catalytic
domain of the archetypical type IIS enzyme Fokl has been fused to I-Scel, a homing endonuclease
with an 18 bp recognition sequence. This chimeric meganuclease showed sufficient cleavage
resulting in 4 bp ‘sticky’ overhangs that could be ligated at 90% fidelity [69]. Following this strategy,
the catalytic domain of Mlyl (which is similar to Fokl [70]) could also be fused to I-Scel. Statistically
an 18 bp recognition sequence would appear approximately once in 10! (4'®) bp, however I-Scel
recognizes also slightly degenerate sequences leading to an estimated appearance once in 10® bp
[69,71,72], which would still surpass the specificity of wildtype Mlyl by several orders of magnitude.
Most vectors for P. pastoris have been conceptualized solely as straightforward expression vectors
([8,22,25,30,31] and P. pastoris plasmids by Life Technologies, BioGrammatics and DNA2.0) and few
plasmid families allow to fine-tune expression [30,31]. The 40 plasmids reported here extend the
scope of applications and facilitate characterization and optimization of the production of
heterologous proteins in P. pastoris. The RSFC strategy outlined here is not limited to tags and
fusions proteins, but could also be applied to compare different promoters or signal sequences in
other expression systems. Similarly, isoenzymes or families of homologous enzymes can be fused to
tags to screen for better expression, solubility or other properties to identify enzymes combining
desired biological, chemical and technological features.

Materials and Methods
Chemicals and media

Phusion DNA Polymerase, restriction endonucleases and other DNA modifying enzymes were
acquired from Thermo Fisher Scientific (Waltham, MA, USA) or New England Biolabs (Ipswich, MA,
USA). Miscellaneous chemicals were purchased from Becton, Dickinson and Company (Franklin
Lakes, NJ, USA), Carl Roth (Karlsruhe, Germany) and Fresenius Kabi Austria (Graz, Austria).

Plasmids were isolated using a GenelET Plasmid Miniprep Kit by Thermo Fisher Scientific. The
standard protocol was optimized for Mlyl based constructs to compensate the decreased plasmid
yields. A single colony of a strain bearing the respective plasmid was streaked on an agar plate
containing the respective antibiotic. After incubation overnight, a cell pellet (approximately 0.1 g wet
cells) was scratched of the plate and used for the isolations (final elution volume: 100 pl of ddH,0).
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Agarose embedded DNA, restriction digests and PCRs were purified using a Wizard SV Gel and PCR
Clean-Up System by Promega.

P. pastoris strains were grown on full medium (yeast extract, peptone, 2 % glucose, YPD), buffered
minimal dextrose (BMD) and buffered minimal methanol medium with 0,5% methanol (BMM) as
described by Weis et al. [16]. As only exception we used 2 % glucose in the BMD medium and for
HRP expression, media were supplemented with 1 mmol/l ferrous sulfate heptahydrate
(FeS0,.7H,0). Escherichia coli strains were selected on LB-medium containing 25 pg/ml Zeocin™
(Life Technologies, Carlsbad, CA, USA). P. pastoris transformants were selected on YPD agar plates
containing 100 pg/ml Zeocin. Primers were ordered from Integrated DNA Technologies (Leuven,
Belgium), see Supplementary Table S 5 for the sequences.

Plasmid construction

S. pombe RSFC test vectors pGAZ2-TA-Bmrl-stuffer and pGAZ2-Blunt-Mlyl-stuffer

For all cloning work an E. coli Top10 F’ strain was used. The vectors for initially comparing blunt end
and TA cloning were based on a replicative S. pombe vector pGAZ2 (S 2, unpublished results). For the
TA-cloning vector ‘pGAZ2-TA-Bmrl-stuffer’, a stuffer fragment was amplified using primers
TA_fwd_Hindlll+Bmrl+stuffer and TA_rev_BamHI+Bmrl+stuffer (see Supplementary Table S 5) and

cloned into pGAZ2 via Hindlll and BamHI sites. The stuffer fragment was selected as a sequence that
has no significant homology to E. coli and S. pombe genomes and lacks Mlyl, Bmrl, Hindlll and BamHI
RE sites; we used a part of a P. pastoris alpha, alpha trehalase gene. The ‘pGAZ2-Blunt-Mlyl-stuffer’
vector required mutating two Mlyl sites in the vector backbone. This was done by PCR amplifying the
vector using primers pUC_mut_Mlyl_fwd + pUC_mut_Mlyl_rev and ZeoCDS_mut_Mlyl_fwd +
ZeoCDS_mut_Mlyl_rev using Pfu Ultra polymerase (Agilent Technologies, Santa Clara, CA) followed
by Dpnl digestion to remove template vector. The Mlyl site in the pUC was mutated to the sequence
reported by Rao et al. [25], the Myl site in the zeocin resistance gene was mutated to a synonymous
codon. After transformation, introduction of the correct mutations were confirmed by Sanger
sequencing. Both plasmids do not provide seamless fusions, as the stuffer fragments were for
convenience inserted via Hindlll and BamH]I sites leaving RE site scars. For test purposes the gene
coding for Thermomyces lanuginosus endo-beta-1,4-D-xylanase was amplified using primers
Xyla_fwd and Xyla_rev and cloned into the two vectors (detailed protocol see below).
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P. pastoris pPpRSFC plasmid family

The expression plasmids used in this study are based on the pPpT4 P. pastoris/E. coli shuttle vector
family (e.g. GenBank accession number JQ519690.1) reported by Naatsaari et al. [30]. Two Mlyl sites
in the backbone (pUC and zeocin resticane gene) were mutated in the same way as in the S. pombe
plasmids (same primers) and confirmed by sequencing. The AOX1 promoter, Mlyl stuffer fragment
and AOX1 terminator were amplified in separate PCR reactions using primers
PAOX1_PcilF/OePAox1StufferR, OestufferF/OeStufferR and OeAox1TTstufferF/Aox1TT_BamHIR
respectively. In the subsequent overlap extension PCR reactions the fragments were joined together
using primer pair PAOX1_PcilF/ AOX1TT_BamHIR followed by restriction with Pcil/BamHI and were
cloned in a vector backbone with mutated Mlyl sites to create an intermediatory plasmid backbone
termed ‘pPp’. The stuffer fragment sequence was selected from as a sequence that has no homology
to E. coli and P. pastoris and lacks unique RE used in the pPpRSFC plasmid family. We selected a part
of a gene involved in the S. cerevisiae biotin metabolism. An EcoRl site in the stuffer was mutated
using primers pairs OeEcoRIF and OeEcoRIR. There appeared a few additional mutations in the
stuffer that had no functional consequences and where therefore left unchanged (see plasmid
sequences in Supplementary file S 1).

For constitutive plasmids, the GAP promoter was amplified via primers GAP_PcilF/OeGapStuffR and
was cloned into the pPp backbone using Pcil/EcoRI to create #4 (pPpRSFC-pGAP). The 3’ AOX1
homologous sequence was amplified via primers 3'AOX1_PstIASCIF/3'AOX1_KpnlISwalR and was
cloned into pPp using Kpnl/Pstl restriction sites to create #1 (pPpRSFC). For secretory expression

plasmids, the MFAIpha sequence was amplified using primer pair AlphaFSSF/AlphaEcoRIR (or
aEAEAECcORIR for insertion of Glu-Ala repeats). The AOX1/GAP promoters were amplified via primers
PAOX1_PcilF + OeAlphaPAox1R / GAP_PcilF+ OeGapAlphaR. The MFAIlpha sequence was fused with
pPAOX1/pGAP using primers PAOX1_PcilF+ AlphaEcoRIR (expression cassette for #3) or PAOX1_PcilF+
aEAEAEcoRIR (expression cassette for #2), / GAP_PcilF+ AlphaEcoRIR (expression cassette for #6) or
GAP_PcilF+ aEAEAEcoRIR (expression cassette for #5). The pAOX1-MFAlpha PCR products were
cloned into pPpRFSC via Pcil/EcoRI sites to create #3 and #2. The pGap-MFAlpha fusion construct
was cloned into pPpRSFC-pGAP via Pcil/EcoRlI restriction site to construct pPpRSFC-#6 and #5.

PGAP plasmids do not contain the 3’ AOX1 sequence for homologous integration in the AOX1 locus.
Plasmids #1 to #6 were made initially and completely sequenced. In the creation of the following
plasmids, only newly inserted parts (and the RE sites used for cloning) were confirmed by
sequencing. A full description of how the 28 plasmids (#7-#40) with the N- and C- terminal tags were
created would be beyond the scope of this section and is provided in the Supplementary file S 5

(spreadsheets on plasmid construction). For further details consult the annotated plasmid sequences
provided in Supplementary file S 1.

The HRP gene (isoenzyme A2A [46,47]) was amplified using primers HRP-A2-RSFC-fwd and HRP-A2-
RSFC-rev and cloned in the respective vectors (detailed protocol see below).

RSFC cloning of inserts and colony PCRs

For blunt end cloning, the vector backbone was dephosphorylated using either Thermo Scientific
shrimp alkaline phosphatase or FastAP according to the manufacturer’s recommendations. The
backbone was gel purified and used for ligations with phosphorylated PCR products. Prior, PCR
primers were phosphorylated using Thermo Scientific T4 Polynucleotide Kinase according to the
manufacturer’'s recommendations. Subsequently the reaction mixtures containing the
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phosphorylated primers were desalted on nitrocellulose filters (Merck Millipore, Darmstadt,
Germany) and added to the PCR (Phusion polymerase). Ligations were performed using the blunt
end protocol provided for Thermo Scientific T4 DNA Ligase.

For TA cloning, phosphorylated Phusion PCR products were purified (Promega Wizard SV Gel and
PCR Clean-Up System) and dA-tailed using Tag-Polymerase (GoTaq Flexi, Promega [Fitchburg, WI,
USA], standard buffer, 0.2 mmol/lI dATP, 30 min incubation at 72° C) and directly used for ligation
(blunt end protocol provided for Thermo Scientific T4 DNA Ligase).

To verify the correct orientation by colony PCR, primers were selected as outlined in Supplementary
file S 3. A tiny amount of an E. coli colony from a transformation of the respective ligation was added
to a GoTaq Flexi reaction. The manufacturer’s protocol was followed except reducing the reaction
volume to 20 ul and increasing the initial denaturing step to five min to break the cells.

P. pastoris transformations and screening

For testing the pPpRSFC plasmids, the P. pastoris CBS7435 wildtype strain was used. Plasmids
bearing the AOX1 promoter were linearized with Bglll, plasmids with pGAP were linearized with
Swal. All linearized plasmids were transformed into competent P. pastoris cells prepared by the
condensed protocol reported by Lin-Cereghino et al. [73]. Only low amounts of DNA (0.5 ug) were
used for the transformations to avoid multicopy integration. A landscape of 80 clones was screened
and checked for the desired Mut® phenotype on minimal methanol plates. Ten Mut® clones were
rescreened for uniform expression; a single representative clone was used for the subsequent
characterizations. Screenings, rescreening and characterizations were performed in deep well plates
as described previously [74]. BMD 2% was used instead of BMD 1% (giving higher yields, data not
shown) and the methanol induction was performed in 12 h intervals for 72 h.

HRP activity assay, eGFP fluorescence microscopy and

measurements

HRP activity assays with 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) diammonium salt
(ABTS) were performed as described previously [42]. For intracellular HRP activity measurements,
cells were broken using Yeast Protein Extraction Reagent (Y-PER from Thermo Scientific).

The cell suspensions of eGFP expressing strains were centrifuged and washed in an equal amount of
water before fluorescence microscopy (Leica Microsystems, Germany, DM LB2, DFC350FX) at 1000
fold magnification, fluorescence images were taken using filter set ‘13’ [excitation filter BP 450- 490].
eGFP fluorescence (ex/em 488/507 nm) and ODgy, were measured in a Synergy MX plate reader
(Biotek, Winooski, VT, USA) using micro titer plates (Nunc MicroWell 96-Well Optical-Bottom Plates
with Polymer Base, Black; Thermo Fisher Scientific). Cell suspensions were diluted to be within the
linear range. The background measurements of diluted medium were subtracted. Subsequently the
relative fluorescence units were normalized per ODgg.
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A-tailed PCR product: TAG
57 GNNNNNNNNNNNTA 3 TAT} Tyrosin codons
37 ACNNNNNNNNNNNA 57 TAC] (for C-terminal tags)

Fig. 1: Detailed outline of the restriction site free cloning (RSFC) strategy.

(A) Recognition sites of various type IIS REs. The cleavage patterns are indicated as red lines.

(B) Schematic workflow of restriction site free cloning. After removal of a stuffer fragment using type IIS REs, a single PCR
product can be ligated into all vectors in a seamless, sequence independent fashion. The strategy is shown for four vectors
but can be extended to as many as desired.

(C) Design of the Myl stuffer fragment for blunt end ligations. The Mlyl recognition sequence is written in italics, the entire
cleavage pattern is underlined. Variable bp are denoted as ‘N’. Upstream sequences may include promoters, N-terminal
tags and signal sequences, downstream sequences may include C-terminal tags and stop codons.

(D) Design of the Bmrl stuffer fragment for TA cloning. Same explanation as (C), in addition the incorporation of the dA and
dT residues for TA cloning via Start- and Stop/Tyr-codons are shown (red). By varying the last nucleotide ‘X’ of the Stop/Tyr
codon, either translation can be terminated or a C-terminal tag linked in frame. A dA-tailed PCR product suitable for
ligation is also shown.
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Fig. 3: Type of tag and position (N/C-terminal) strongly affect volumetric HRP activities.
Volumetric HRP activities in the supernatant with ABTS as substrate after cultivation on methanol for 72 h are shown. The

pPpRSFC plasmids used are indicated via the numbers given in

Tab. 1, the use of a signal sequence (MFalpha), different

promoter than pAOX1 and if applicable tag and position (N/C) are given. Mean values and standard deviations of biological

triplicates are shown.
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Fig. 4

Fig. 4: Fluorescence microscopy of fusions of HRP to GFP.

Bright field images are shown on top, fluorescence images below.

(A) HRP N-terminally tagged with eGFP (#9-MFalpha-N-eGFP-HRP),

(B) HRP C-terminally tagged with eGFP (#10-MFalpha-C-eGFP-HRP),

(C) control of eGFP with MFalpha (self-ligated #9),

(D) control of cytoplasmic eGFP expression (#1-eGFP),

(E) negative control of empty Mut” strain.

For the bright field image of panel (C) brightness was decreased -11 %, contrast was increased +44 % for better
comparability with the other panels.
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Table 1

Tab. 1: RSFC vector family designed for P. pastoris.

# Name Taq/_F_usign proteir}:, pr(%se Mode (_)f EAEA Selectiocn Rlasmid
= — position® & length clea_vaqe expression | repeat marker size (bp)
site
1 | pPpRSFC - - - NA® intracellular NA Zeocin 4840
2 | pPpRSFC-MFalpha - - - NA secretory yes Zeocin 5104
3 | pPpRSFC-MFalpha-noEAEA - - - NA secretory no Zeocin 5092
4 | pPpRSFC-pGAP - - NA intracellular NA Zeocin 3771
5 | pPpRSFC-pGAP-MFalpha - - - NA secretory yes Zeocin 4035
6 | pPPRSFC-pGAP-MFalpha-noEAEA - - - NA secretory no Zeocin 4023
7 | pPpRSFC-N-eGFP eGFP N 240 no intracellular NA Zeocin 5584
8 | pPpRSFC-C-eGFP eGFP C 239 no intracellular NA Zeocin 5584
9 | pPpRSFC-MFalpha-N-eGFP eGFP N 239 no secretory yes Zeocin 5848
10 | pPpRSFC-MFalpha-C-eGFP eGFP C 239 no secretory yes Zeocin 5848
11 | pPpRSFC-N-Myc MYC N 11 no intracellular NA Zeocin 4870
12 | pPpRSFC-C-Myc MYC C 10 no intracellular NA Zeocin 4870
13 | pPpRSFC-MFalpha-N-Myc MYC N 10 no secretory yes Zeocin 5134
14 | pPpRSFC-MFalpha-C-Myc MYC C 10 no secretory yes Zeocin 5134
15 | pPpRSFC-N-FLAG FLAG N 9 no intracellular NA Zeocin 4864
16 | pPpRSFC-C-FLAG FLAG C 8 no intracellular NA Zeocin 4864
17 | pPpRSFC-MFalpha-N-FLAG FLAG N 8 no secretory yes Zeocin 5128
18 | pPpRSFC-MFalpha-C-FLAG FLAG C 8 no secretory yes Zeocin 5128
19 | pPpRSFC-N-His-ncs® His N 7 no intracellular NA Zeocin 4858
20 | pPpRSFC-C-His-ncs His C 6 no intracellular NA Zeocin 4858
21 | pPpRSFC-MFalpha-N-His-ncs His N 6 no secretory yes Zeocin 5122
22 | pPpRSFC-MFalpha-C-His-ncs His C 6 no secretory yes Zeocin 5122
23 | pPpRSFC-N-His His N 7 yes intracellular NA Zeocin 4879
24 | pPpRSFC-C-His His C 6 yes intracellular NA Zeocin 4879
25 | pPpRSFC-MFalpha-N-His His N 6 yes secretory yes Zeocin 5143
26 | pPpRSFC-MFalpha-C-His His C 6 yes secretory yes Zeocin 5143
27 | pPpRSFC-N-MBP MBP N 367 yes intracellular NA Zeocin 5959
28 | pPpRSFC-C-MBP MBP C 366 yes intracellular NA Zeocin 5959
29 | pPpRSFC-MFalpha-N-MBP MBP N 366 yes secretory yes Zeocin 6223
30 | pPpRSFC-MFalpha-C-MBP MBP C 366 yes secretory yes Zeocin 6223
31 | pPpRSFC-N-Strep Strep N 9 yes intracellular NA Zeocin 4885
32 | pPpRSFC-C-Strep Strep C 8 yes intracellular NA Zeocin 4885
33 | pPpRSFC-MFalpha-N-Strep Strep N 8 yes secretory yes Zeocin 5149
34 | pPpRSFC-MFalpha-C-Strep Strep C 8 yes secretory yes Zeocin 5149
35 | pPpRSFC-HIS - - - NA intracellular NA HIS4 7683
36 | pPpRSFC-HIS-MFalpha - - - NA secretory yes HIS4 7947
37 | pPpRSFC-HIS-MFalpha-noEAEA - - - NA secretory no HIS4 7935
38 | pPpRSFC-HIS-pGAP - - - NA intracellular NA HIS4 6614
39 | pPpRSFC-HIS-pGAP-MFalpha - - - NA secretory yes HIS4 6878
40 | pPpRSFC-HIS-pGAP-MFalpha-noEAEA - - - NA secretory no HIS4 6866

%= N- or C- terminal fusion to the POI

b

cleavage site (seven aa) is not included in this number)
¢ = Zeocin selection is applicable for E. coli and P. pastoris, HIS4 plasmids are based on ampicillin selection in E. coli and used
in combination with a histidine auxotrophic (his4) P. pastoris strain

4= NA: not applicable

= ncs: no TEV protease cleavage site
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Supporting information

S 1: Plasmid sequences of the constructs used in this study in Genbank format.

S 2: Vector maps of the S. pombe vectors used in this study.
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S 3: Simple strategy for confirming the orientation of the insert. The forward or reverse primer
used for amplifying the insert can be used together with the forward or reverse sequencing primer
of the vector to confirm the correct orientation. Upon correct primer choice only the forward
orientation gives a PCR fragment. The sequencing primers designed for Sanger sequencing allow
sequencing of the insert from both sides. Depending on the vector, different primers should be used
(e.g. when the MFalpha signal sequence or a fusion protein is present, see the primer list for all

sequencing primers available).

I insert_fwd insert_rev

L

Vector
(prior to stuffer
removal)

PCR product

05,
P

Ligation in
forward or
reverse
orientation

:f Desired forward orientation gives
& PCR fragments when using B
primer pairs seq_fwd+insert_rev B s s
or insert_fwd+seq_rev PCR amplification
- not possible
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S 4: Fluorescence measurements of fusions of HRP to eGFP.
Samples are labeled in the same way as in Fig. 4. eGFP fluorescence of supernatants and cell pellets
of methanol induced cells were normalized per cell density (ODggo).
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S 5: Primers used in this study and detailed plasmid construction. Primers used for creating the S.
pombe and P. pastoris plasmids are separated. Also primers for construction of the plasmids are
separated from primers for sequencing and insertion of GOls. In addition separate spreadsheets are
providing information on the exact construction of the plasmids by listing the PCR products and
restriction enzymes used for assembly (.xIsx file).
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4. Summary and conclusion

In this thesis, synthetic biology approaches were applied to engineer the methylotrophic yeast Pichia
pastoris. Starting from the characterization of natural promoters (Chapters 3.1 to 3.3) unprecedented
synthetic bidirectional promoters (3.4.2) and basic transcriptional activating circuits (3.5.2) were
generated. In addition also molecular tools for gene expression such as synthetic core promoters
(3.4.1) and expression vectors simplifying optimization of gene expression (3.6) were characterized.

Several dozen genes have been annotated
to be involved in methanol utilization in P.
pastoris [1-3] and studies on the
transcriptomes of P. pastoris [4,5] and
other methylotrophic yeasts [6,7] have
indicated that several of these genes
follow a similar regulation as Pox;. Those
are promising targets to identify
additional strong, methanol regulated
promoters (Chapter 3.1). Previously, only
five methanol regulated promoters had

been characterized in P. pastoris (Paoxi, Fig. 1: Canonical and non-canonical parts of the P. pastoris
Poas2, Prip1, Paoxz, Prexs [8]). For this thesis  methanol utilization pathway. See Chapter 3.1 — Figure 1 for a
‘canonical’ reactions (i.e. direct larger version and a detailed caption.

metabolization of methanol) and non-canonical reactions (of associated processes such as the
defense against reactive oxygen species, ROS and the pentose phosphate pathway, PPP) were
considered (Fig. 1). The differential expression of genes coding for the respective enzymes in
presence of different carbon sources was analyzed by microarray experiments and 45 promoters
were cloned upstream of the gene coding for an enhanced green fluorescent reporter protein
(eGFP). Thereby 15 methanol regulated promoters were characterized. About half of these
promoters showed very high expression levels in the range of the state of the art AOX1 benchmark
promoter. This is to the best of my knowledge the largest set of tightly co-regulated promoters
available in any commonly used microbial expression host. In S. cerevisiae only a few copper (Pcrri,
Pcrr3, Pcups) and galactose (Pgar1, Peaiss Poaiy, Psaiio) regulated promoters are available [9,10]. A set of
promoters with different sequences but tight regulation, activated by the same stimulus, is a
valuable tool for the coexpression of multiple genes, suggesting P. pastoris as a potent platform for
metabolic engineering endeavors involving the expression of large heterologous pathways.

One of the key findings of the systematic characterization of the P. pastoris MUT pathway (Chapter
3.1), was the derepressed regulation of the promoter of the catalase 1 gene (Pcar:). Derepression
means that the promoter is repressed on repressing carbon sources, and activated when the carbon
source in the media is depleted. For P. pastoris P,ox; this derepression effect is very weak (2-4% of
methanol induced levels) requiring methanol for full induction. In related methylotrophic yeasts,
derepressed promoters reach however up to 70 % of methanol induced levels [11]. Also derepressed
synthetic variants of P,ox; Were reported [12,13]. Pcar; is the first naturally methanol regulated and
derepressed P. pastoris promoter reaching under glucose limited growth conditions about one third
of methanol induced levels (Chapter 3.1). On methanol, Paox; and Pcar; reach about similar
expression levels. In addition Pcr; can be induced with oleic acid to similar levels as on methanol,
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while P,ox; remains tightly repressed on oleic acid. Therefore Pqsr; renders two induction strategies
possible: The derepressed regulation can be harnessed by applying limited carbon source feeds in
bioreactor cultivations. Thereby the cells are maintained in a derepressed state while still providing
new energy for protein production. Alternatively, oleic acid can be used to replace methanol
resulting in biphasic production processes similar to already established methanol dependent
processes applied for P,ox;. The derepressed regulation of Pcir; was also essential for setting up
activating circuits for P,ox; (discussed in Chapter 3.5.2).

However, in the first work with P, we
suffered massively from background
colonies and strain instabilities. Especially
transformations of Pgr; bearing plasmids
with Geneticin resistance markers were
initially ~ showing  stable, expected
phenotypes in only approximately 1% of
the transformants. It took almost two years
to elucidate that these issues are caused by
the presence of an autonomous replicating
sequence (ARS) in the 5’end of Paurn
(Chapter 3.2). The initial promoter length of Fig. 2: The upstream region of the CAT1 gene contains an AT-rich
692 bp contained this ARS sequence (Pcar;-  ARS. See Chapter 3.2— Figure 1 for details.

692). Shortening the promoter to 500 bp

(Pcari-s00) (Fig. 2) removed the ARS sequence, abolishing background growth completely, allowing to
use Pcar; also with Geneticin resistance markers (required for co-transformation of existing Zeocin
selection based expression strains). Surprisingly a second effect of the ARS was noticed: Under
selective pressure the combination of Pcr; and its endogenous ARS in an episomal expression
strategy enabled up to seven fold higher expression levels (alongside ~100 fold higher transformation
rates) than genomic integration. This effect was not only noticed for the reporter gene eGFP, but also
for two industrially relevant hydroxynitrile lyases from Manihot esculenta and Linum usitatissimum,
showing also higher landscape uniformity of the circular ARS plasmids than genomic integration.

Derepressed expression employing Pcar; was a useful feature, allowing shortened, methanol-free
screenings. In related methylotrophic yeasts, orthologous MUT promoters were even derepressed to
up to 70% of methanol induced levels [11]. To this end, six orthologous promoters from H.
polymorpha, C. boidinii and P. methanolica were tested in P. pastoris (Chapter 3.3). Most strikingly
the HpFMD promoter reached in P. pastoris derepressed expression similar to the constitutive GAP
promoter using an eGFP reporter gene. On methanol Py,rvp even outperformed P,ox; about twofold,
reaching the highest reporter gene fluorescence of any single promoter tested in this thesis. These
effects could be reproduced for additional proteins. This result is surprising, as orthologous promoter
sequences had not maintained their endogenous regulation in new hosts in previous studies
(reviewed in [11]).
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One of the strongest methanol regulated
promoters acts in opposite direction
driving the expression of the two
dihydroxyacetone synthase genes DASI
and DAS2 [14]. A special emphasis of this
thesis rested on such bidirectional

romoters, BDPs (Chapter 3.4.2). BDPs
P '_ ( P ) ) ) Fig. 3: A library of diversely regulated natural and synthetic
allow by divergent expression the simple bidirectional promoters (nBDPs and sBDPs) covering a wide range
coexpression of two genes of interest (Fig. of regulatory profiles facilitates optimization of dual gene

3). Dual gene coexpression is for example coexpression and the assembly of multi gene coexpression
required when producing dimeric proteins cassettes. See Chapter 3.4.2 for details.

such as antibodies (consisting of a heavy and a light chain), or when co-expressing any gene of
interest (GOI) with a folding helper/chaperone. Multi gene expression is required when producing
multi subunit proteins or large metabolic pathways. In such expression endeavors the cumulative
expression levels, the ratios of the proteins in regard to each other and the optimal expression
profile need to be optimized. We envisioned an expression strategy, in which a library of BDPs can be
used for optimizing dual and multi gene coexpression. These BDPs should provide different
expression levels and regulatory profiles on both sides facilitating optimization of the
aforementioned cumulative expression levels, ratios and regulatory profiles. Three and a half years
and 168 BDPs later, this goal was achieved. Because of the limitations of natural BDPs (nBDPs),
synthetic BDPs (sBDPs) were generated following bidirectionalization, fusion and hybrid BDP design
strategies. Surprisingly natural bidirectional histone promoters were found to be exceptionally strong
promoters and helpful tools for sBDP design in P. pastoris. Histones range amongst the most highly
conserved eukaryotic proteins and also their genomic organization flanking a BDP is conserved. Due
to their high conservation and universal role, bidirectional histone promoters may provide a valuable
general engineering framework for bidirectional gene expression and the generation of sBDPs in any
eukaryotic organism. This notion has been confirmed in S. cerevisiae and Schizosaccharomyces
pombe (personal communication Pitzer J.) and Chinese hamster ovary cells (personal communication
Weinhandl K.).

In addition to these solely cis-acting sequence based approaches, also the involvement of trans-
acting factors in methanol dependent gene expression was tested (Chapter 3.5.2, Master thesis by
Lukas Sturmberger [15]) in order to establish new regulatory circuits. Based on previous studies in P.
pastoris (summarized in Chapters 2.2/[8] and 2.3) and knowledge on homologous factors in S.
cerevisiae, a set of 11 factors was overexpressed and tested for their effect on P,ox; regulation.
Constitutive expression of the factors, as previously reported in patents (discussed in detail in
chapter 2.2/[8]), showed little or even negative effects. However, overexpression of three genes
(MXR1, TRM1, PRM1) from the derepressed CAT1 promoter activated P,ox; Up to 50 % of methanol
induced levels using a fluorescent reporter protein. Apparently, the time point of expression of these
activators is critical. Presumably they can only exert a beneficial effect, if the cellular machinery is
already geared towards MUT gene expression and repression is partially alleviated. Based on these
findings, conversion plasmids were generated that allow transforming existing P,ox; based strains
into methanol free, derepressed systems.

The expression of MUT pathway genes (Chapter 3.1) and the effect of transcription factor
overexpression (3.5.2) was analyzed by DNA microarrays. In addition, also the work on the
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transcriptomes of membrane protein overexpressing strains by Maria Freigassner and the effect of
HAC1 coexpression on MP vyields [16] was finally evaluated and published (Chapter 3.5.1, [17]),
providing insight and potential solutions to the complex challenge of membrane protein expression.
Many human drug targets and also a range of industrially relevant biocatalysts are membrane
proteins. For example in the milestone publication of the Keasling group on artemisinic acid
production in S. cerevisiae [9], a key factor was the optimization of the expression of the membrane
associated cytochrome P450 enzymes and their associated reductases.

Looking to the future needs and opportunities

also synthetic core promoters (Chapter 3.4.1,

S

[18]) were characterized and found to be

Consensus sequence
based approach

promising tools for transcriptional fine-tuning + . fg;‘;:i';s
(Fig. 4). This work had been initiated by Claudia - = - Snyatiants
Ruth and Julia Pitzer [19] and is now further === =] o

- ' ‘HI H|.

continued in a model based study and design by  rnA Polymerase 1I Predictions of transcription

factor binding sites
Fig. 4: Synthetic core promoters for P. pastoris. Taken from
thesis relied on a small set of semi-rationally [18] (see Chapter 3.4.1).

Rui Portela. The core promoter work in this

designed promoters, showing the opportunity to regulate gene expression by simple variations in
core promoters.

All promoters and terminators characterized
in this thesis were cloned seamlessly, i.e. the
transition of the promoter to the start codon
(or of the stop codon to the terminator)
maintained the natural sequence context
without introducing additional restriction
endonuclease (RE) recognition sites or linker
sequences. This was done either by PCR or :—:ﬁﬁ)'ssc::g'::;e:";:I;::’c‘:'et:;s'RSFC (restriction site free
overlap directed in vitro recombination
based technologies [20,21] and also by special type IIS restriction enzyme based technologies [22]
We had initially adapted type IIS REs for the cloning of monodirectional and bidirectional promoters
(Chapters 3.1 and 3.4.2). In time, we realized that this cloning strategy allows also seamless fusions of
any gene of interest to various N- or C-terminal tags (Chapter 3.6). Protein tagging is a valuable tool
for purification, detection and targeting of proteins. However, as an exogenous addition to the
protein of interest, they may also negatively affect folding, activity or stability. With the restriction
site free cloning (RSFC) strategy developed here in collaboration with Mudassar Ahmad, various tags
can be tested in N- or C-terminal position to find the optimal fusion partner for a certain protein of

interest.

The work of this thesis has provided novel, efficient strategies for single protein production in P.
pastoris. More strikingly, also the first toolbox suitable for heterologous pathway expression and
metabolic engineering endeavors was established. Natural monodirectional promoters of the MUT
pathway alongside monodirectional terminators provide a unique set of tightly regulated promoters
supporting the controlled expression of more than 10 genes which was studied in more detail by
Geier M. and Fauland P. [23]. The library of synthetic bidirectional promoters alongside bidirectional
terminators extends the potential even further, easing transcriptional fine-tuning and the assembly
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of even larger multi-gene pathways. To the best of our knowledge, this library of BDPs is the largest

and most versatile collection of promoters available in any microbial expression host, including the

classic model organism and metabolic engineering workhorse S. cerevisiae.

On the one hand, the parts reported here make P. pastoris an outstanding platform for metabolic

engineering applications, paving the way for the tightly regulated expression of large heterologous

pathways. On the other hand, the underlying strategies applied including histone promoters as

engineering framework for eukaryotic BDP design and the benefits of derepressed promoters, may

fuel similar approaches in other expression systems.
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5 Appendix

Plasmids generated (in E. coli TOP 10 F’)

Name [ # | Alternate name/Comment [ Marker | Chapter
Ch apter 3.1 (related natural bidirectional BDPs of chapter 3.5 also shown here)
pPpT4mutZeoMlyl-intArg4-eGFP-Bmrlstuffer TV0082 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-AOX1Bglll TV0020 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-AOX1bidi TV0021 bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-AOX1bidi reverse TV0022 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-AOX2 TV0023 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FLD1 TV0025 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FLD1 reverse TV0026 bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-FLD1 Shen et al. TV0027 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-DAS 1/2 TV0028 | DASI, bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-DAS 1/2 reverse TV0029 DAS2, bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-DAS 2 NEFBidi TV0030 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-DAS1 TV0031 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FBA1 TV0032 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FBA1 reverse TV0033 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-FBA2 TV0034 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FBA2 reverse TV0035 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-ADH2 TV0036 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-ADH2 reverse TV0037 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-pCAT1-692 TV0038 Zeo 3.1,32
pPpT4mutZeoMlyl-intArg4-eGFP-FGH1 TV0039 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FGH1 reverse TV0040 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-FDH1 TV0041 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FDH1 reverse TV0042 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-TPI1 Stadelmayr et al. TV0044 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-DAK1 TV0046 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-DAK1 reverse TV0047 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-FBP1 TV0048 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-FBP1 reverse TV0049 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-TKL1 TV0050 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-TKL1 reverse TV0051 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-PEX14 TV0052 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-PEX8 TV0053 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-PEX5 TV0054 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-PEXS reverse TV0055 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-GAP(short) TV0056 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-GAPbidi TV0057 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-GAPbidi reverse TV0058 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-PFK TV0059 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-PFK reverse TV0060 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-GPM1 TV0061 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-GPM1lreverse TV0062 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-PGlshort TV0063 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-GLR1 down TV0105 | bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-GLR1 up (methyltransferse) TV0106 | bidirectional Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-GPX TV0107 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-GSH1 TV0108 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-GSH2 TV0109 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-MSR1c3 down TVv0110 bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-MSR1c3 up TV0111 bidirectional Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-MSR1c4 TV0112 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-MSR2c2 (long) TV0113 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-MSR2c4 TV0114 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-MSRAB TV0115 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-PXR down TV0116 S Zeo 3.1
pPpT4mutZeoMIyl-intArg4-eGFP-PXR up Tvo117 | PMP20 bidirectional Zeo
pPpT4mutZeoMlyl-intArg4-eGFP-SOD1down (=SOD) TV0118 bidirectional Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-SOD1up (=hyph prot) TV0119 bidirectional Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-SODcytoSODmito down TV0120 | bidirectional Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-SODcytoSODmito up TV0121 bidirectional Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pDAS1-1000 TV0122 Zeo 3.1,34
pPpT4mutZeoMlyl-intArg4-eGFP-pDAS2-1000 TV0123 Zeo 3.1,34
pPpT4mutZeoMlyl-intArg4-eGFP-pPGD TV0124 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pRKI1 TV0125 Zeo 3.1
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pPpT4mutZeoMlyl-intArg4-eGFP-pRKI2 TV0126 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pRPE1 up TV0127 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pRPE2 up TV0128 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pSOL1 TV0129 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pSOL3 TV0130 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pTALL up TV0131 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pTAL2 up TV0132 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pTKL1 TV0133 pTKL1-1000 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pZWF1 TV0134 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pGUT1 down TV0135 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-eGFP-pGUT1 up TV0136 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-bidi-pAOX1-CalB TV1020 Zeo 3.1
pPpT4mutZeoMlyl-intArg4-bidi-pCAT1-CalB TV0935 Just single gene expressed Zeo 3.1
pPpT4mutZeoMlyl-intArg4-bidi-pGAP-CalB TV0936 but based on bidirectional ' Zeo 3.1
pPpT4mutZeoMlyl-intArg4-bidi-pAOX1-HRPA2 TV0939 vector. hence the name Zeo 3.1
pPpT4mutZeoMlyl-intArg4-bidi-pCAT1-HRPA2 TV1021 ’ Zeo 3.1
pPpT4mutZeoMlyl-intArg4-bidi-pGAP-HRPA2 TV0940 Zeo 3.1
Chapter 3.2
pPpT4mutZeoMlyl-intArg4-EGFP- pCAT1-500 TV0973 Zeo 3.2
pPpT4mutZeoMlyl-intArg4-EGFP- pCAT1-692 TV0038 Zeo 3.2,31
pPpT4mutZeoMlyl-intArg4-EGFP- pCAT1-1000 TV0974 Zeo 3.2
pPpT4mutZeoMlyl-intArg4-EGFP-putARS-pCAT1-500..764 TV1022 Zeo 3.2
pPpT4-KAN-intARG4-eGFP-pCAT1-500 TV1035 Kan/Gen 3.2
pPpT4-KAN-intARG4-eGFP-pCAT1-692 TV1036 Kan/Gen 3.2
pPpT4-KAN-intARG4-eGFP-pCAT1-1000 TV1037 Kan/Gen 3.2
pPpT4-KAN-intARG4-eGFP-putARS-pCAT1-500..764 TV1038 Kan/Gen 3.2
pPpT4-GUT1-intARG4-eGFP-pCAT1-500 TV1070 Amp/Agut1 3.2
pPpT4-GUT1-intARG4-eGFP-pCAT1-692 TV1039 Amp/Agut1 3.2
pPpT4-GUT1-intARG4-eGFP-pCAT1-1000 TV1040 Amp/Agut1 3.2
pPpT4-GUT1-intARG4-eGFP-putARS-pCAT1 TV1071 Amp/Agut1 3.2
pPpT4mutZeoMlyl-intArg4-MeHNLoptTV-pCAT1-692 TV1187 CAM1 Zeo 3.2
pPpT4mutZeoMlyl-intArg4-MeHNLoptTV-pCAT1-500 TV1188 CAM2 Zeo 3.2
pPpT4-GUT1-intArg4-MeHNLoptTV-pCAT1-692 TV1189 | CAM3 Amp/Agut1 3.2
pPpT4-GUT1-intArg4-MeHNLoptTV-pCAT1-500 TV1190 CAM4 Amp/Agut1 3.2
pPpT4mutZeoMlyl-intArg4-LUHNL-pCAT1-692 TV1191 CAL1 Zeo 3.2
pPpT4mutZeoMlyl-intArg4-LUHNL-pCAT1-500 TV1192 | CAL2 Zeo 3.2
pPpT4-GUT1-intArg4-LUHNL-pCAT1-692 TV1193 | CAL3 Amp/Agut1 3.2
pPpT4-GUT1-intArg4-LUuHNL-pCAT1-500 TV1194 | CAL4 Amp/Agut1 3.2
Chapter 3.3
pPpT4mutZeoMlyl-intArg4-eGFP-HpFMD TV0064 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-eGFP-HpMOX TV0065 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-eGFP-CbFLD1 TV0066 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-eGFP-PmMOD1 TV0067 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-eGFP-PmMOD2 TV0068 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-eGFP-CbAOD1 TV0069 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-CalB-pHpFMD TV1165 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-HRPA2A-pHpFMD TV1166 Zeo 3.3
pPpT4mutZeoMlyl-intArg4-MeHNLoptTV-pHpFMD TV1167 Zeo 3.3
Chapter 3.4
Screening vectors

Short name: pPpT4-bidi-

sTomato-EGFP- Bmrlstuffer
pPpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-Bmrlstuffer TV0159 | Should be called dTomato Zeo 34

(This vector was used for 99%

of BDPs)
gl;pr'lrsdt,lrj\;fuetrZeoMlyl—intArg4—bidi_singIeTomatoNheI_EGFP— TV0158 | Should be called dTomato Ze0 3.4
pPpT4mutZeoMlyl-intArg4-bidi_Citrine_ EGFP-Bmrstuffer TV0156 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-bidi_dTomato_EGFP-Bmrstuffer TV0157 | Actually tandem dTomato Zeo 3.4
Natural bidirectional promoters
pPpT4mutZeoMlyl-intArg4-bidi-singleTomatoNhel_EGFP- TVO181 two genes involved in Ze0 34
natbidil transcription initiation )
g;%'il'élirznutZeoMIyI-intArg4-bidi-singIeTomatoNheI_EGFP- TV0182 HTX1 Ze0 3.4
gzt%'ir;?utZeoMIyI—intArg4—bidi—singIeTomatoNheI_EGFP— TV0183 HHX2 Ze0 3.4
pPpT4mutZeoMlyl-intArg4-bidi-singleTomatoNhel_EGFP- TV0184 PFK and TATA box Ze0 34
natbidi4 associated factor )
gggil'élignutZeoMIyI-|ntArg4-b|d|-S|ngIeTomatoNheI_EGFP- TVO0185 | two ribosomal proteins Ze0 34
gggirélignutZeoMIyI-|ntArg4-b|d|-3|ngIeTomatoNheI_EGFP- TV0186 | RNA pol + transcription factor | Zeo 3.4
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ﬁzt%‘il';gﬁutZeoMIyI—intArg4—bidi—singIeTomatoNheI_EGFP— TVO0187 ribosomal protein and SER3 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-bidi-singleTomatoNhel_EGFP- TV0188 FTR1 + FET3 (high affinity Ze0 34
natbidi8 iron uptake) )
ﬂzt%'il';?utZeoMIyI-|ntArg4-b|d|-S|ngIeTomatoNheI_EGFP- Tv0189 | CYC3+ PDA1L Zeo 3.4
ﬁzt%‘il';ToutZeoMlyl-|ntArg4-b|d|-S|ngIeTomatoNheI_EGFP- TV0190 FDH1 + autophagy thing Zeo 3.4
Natural histone promoters and control constructs
pPpT4-bidi-sTomato-EGFP-pHTX1-WT-fwd TV0253 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHTX1-WT-rev TV0254 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX1-WT-fwd TV0255 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX1-WT-rev TV0256 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-WT-fwd TV0257 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-WT-rev TV0258 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHO1-WT-bidi TV0259 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHO1-WT-1000 TV0260 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHTZ-WT-243 TV0261 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHTZ-WT-1000 TV0262 Zeo 34
pPpT4-bidi-sTomato-EGFP-pCSE4-WT-bidi TV0527 Zeo 34
pPpT4-bidi-sTomato-EGFP-pCSE4-WT-1000 TV0528 Zeo 34
pPpT4-bidi-sTomato-EGFP-pGAP-fwd TV0263 Zeo 34
pPpT4-bidi-sTomato-EGFP-pGAP-rev TV0264 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pAOX1-fwd TV0453 | C7 Zeo 34
pPpT4-bidi-sTomato-EGFP-pAOX1-rev TV0454 C8 Zeo 3.4
pPpT4-bidi-pHHX2-fwd-eGFP TV0265 Zeo 34
pPpT4-bidi-pHHX2-rev-eGFP TV0266 Zeo 3.4
pPpT4-bidi-pHHX2-fwd-sTomato TV0267 Zeo 3.4
pPpT4-bidi-pHHX2-rev-sTomato TV0268 Zeo 3.4
HHX2 deletions
pPpT4-bidi-sTomato-EGFP-pHHX2-D1 TV0269 D1 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D2 TV0270 | D2 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D3 TV0271 D3 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D4 TV0272 | D4 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D5 TV0273 | D5 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D6 TV0274 D6 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D7 TV0275 | D7 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D8 TV0276 D8 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D9 TV0277 | D9 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D10 TV0278 | D10 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D11 TV0279 D11 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D12 TV0280 | D12 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D13 TVv0281 D13 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D14 TV0282 | D14 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D15 TV0283 D15 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D9-D12 TV1099 BF10 (sic!) Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-D7-D12 TV1100 | BF11 (sicl) Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-D8-D11 TV1101 BF12 (sic!) Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHT2-T292 TV0284 | T1 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHT2-T219 TV0285 T2 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHT2-T146 TV0286 | T3 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHT2-T73 TV0287 | T4 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHF2-T292 TV0288 | T5 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHF2-T219 TV0289 | T6 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHF2-T146 TV0290 T7 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHF2-T73 TV0291 | T8 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-SDA1 TV0431 S1 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SDA2 TV0432 S2 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SDA3 TV0433 | S3 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-SDA4 TV0434 S4 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SDAS TV0435 | S5 Zeo 34
Bidirectionalization
PpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pCoreHHT2-
$3EpAOX1BgIII 5/321) ’ P V0830 Zeo 3.4
PpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pCoreHHT2-
gsprox1-711 ()ézz) ’ P Tvossl Zeo 3.4
PpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pCoreHHT2-
gSEpAOX1—643 (){323) ’ P V0832 Zeo 3.4
PpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pCoreHHF2-
geprAsrssz (éz4) ’ P Tvo8s3 Zeo 3.4
PpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pCoreHHF2-
g6prASl-1000y(BZS) ’ P Tvoss4 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pCoreHTA1- TV0835 Zeo 3.4
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81+pDAS2-699 (BZ@) _

gi’fgégﬁgtjiglc\)ﬂc;y(lgg%rg&bfdf—sTomato—eGFP—pCoreHTAl— TV0836 60 24
ggg;’;)n(ﬁgfiggﬂé)ggnzgrzg-bfdf-sTomato-eGFP-pCoreHTBl— TV0837 700 22
ggg;’;y;tfgggﬂé}ggnzérzgs-bfdf—sTomato-eGFP-pCoreHTBl- TV0838 00 22
ggg;’;gsfiggﬂéysl-?(nBté;%é)l-bfdf-sTomato-eGFP-pCoreHTBl- TV0839 00 a4
g?E;'éﬁﬁsli_zsggé\ﬂgélgﬁ?rw-bfdf-sTomato-eGFP-pCoreHHTl— TV0840 60 24
ggfgégﬁﬁfggzﬂl()gzritgrw-bfd?-sTomato-eGFP-pCoreHHFl— TVO841 700 22
gEfgééﬂ:zsegg/l(lgggg?rm-b@-sTomato-eGFP-pCoreHHTl- TV0842 00 22
gEfgééﬂxg;z&l\/l(lggﬁ?rm-bfdf-sTomato-eGFP-pCoreHHTl- TV0843 60 24
ggfg'_lﬂ:gﬁl_uzt_zleé)ol\gl)(/ggé)rg4-bfdf-sTomato-eGFP-pCoreHHFl— TVO844 760 24
ggfgﬁgﬁtlzt_zsegohll(lélz-?grg4-bfdf-sTomato-eGFP-pCoreHHFl— TV0845 700 24
ggfgég_;ltl%gggﬂzggg%rg4-bfdf-sTomato-eGFP-pCoreHHTZ- TV0846 760 24
ggfgéz_?fgggﬂégg2$rg4-b?d?-sTomato-eGFP-pCoreHHTZ- TVO0847 7e0 24
ggﬁj'l(';ll&nli;zggIg/g)élign)tArgmbfdf-sTomato-eGFP-pCoreHHFZ- TV0848 7e0 24
gE%E%%{i;zl\%é—ggf\rm-bfdf-sTomato-eGFP-pCoreHTAl- TV0849 760 24
gg_r:)"lzgnHuzt_Zse(;)OM(lélz-g?rg4-bfdf—sTomato-eGFP-pCoreHTBl- TV0850 760 24
AL 2bid (made together ith B7 sergsy Tvo8s1 zeo 34
ey Spepmrty P TomaOSFP | ryoans Ze0 >
S oo O TOG STonao<S | oy
e e g oSG v
PCoreH TR 1261pPXR1 39085 V0919 zeo 34
DCoreHHT LT pELDY 6 | Tvoszo zeo 34
Eég?e;_' &iﬂT;l&uSigo)l(\/lll}/?IﬂtArM—bfdf—sTomato—eGFP— V0922 e0 a4
?ég?ehﬂiﬂg]oufsf\%%;Tfrg‘l_bfdf'smmato'eeFP' TV0923 Zeo 3.4
DCOreHHE L 1D TApAOXI 7L o] Tvoszs zeo 24
Fusion promoters

o e b arle om0 £GP vz
sy | TVo708
BCAPahortpCATL FUSION-f K3 [horaut umber 13| TV0208 zeo 3.4
DGAPShor pTEPLFUSION fwd K5 [horcu amber 14| TV0207 zeo 34
Eggjp:rglngsélc;gutZeoMIyI-|ntArg4-b|d|-sTomato-eGFP-pFBAZ- TV0925 Zeo 3.4
E(Szlll:fp—D&PSplés‘?zutZeoMIyI—|ntArg4—b|d|—sTomato—eGFP—pFDHl— TV0926 7e0 24
Egjfp-(:&F’TpII—'ggoutZeoMIyI-|ntArg4-b|d|-sTomato-eGFP-pFDHl- TV0927 7e0 22
gggpr &F’Spl'l:ggzutZeoMlyl-|ntArg4-b|d|-sTomato-eGFP-pDASZ- TV0928 Zeo 3.4
ngfp;jg(l;pgggzutZeoMIyI—|ntArg4—b|d|—sTomato—eGFP—pFDHl— TV0929 Zeo 3.4
gggpr%P)?ngT;tZeoMIyI—|ntArg4—b|d|—sTomato—eGFP—pFLDl— TV0930 00 34
FI?AZ(I;Z(é_[;;F(;FC;'JI;?)rgxthleicha/I(l)yI-|ntArg4-b|d|-sTomato-eGFP- V0931 00 a4
BZF8 - pPpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pFLD1- | TV0932 Zeo 3.4
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366+ pPXR1-392

pPpT4mutZeoMlyl-intArg4-bidi-sTomato-eGFP-pDAS1-

552+pGAP-486 TV1090 | BF1 Zeo 34
ggg)‘rl’:ﬁ#;ii)&lyl-|ntArg4-b|d|—sT0mato-eGFP-pDASl— TV1091 BE2 760 34
ggg;l’:}r_'n#ézle_zggﬂglyl-|ntArg4-b|d|-sT0mato-eGFP-pDASl- TV1092 | BE3 760 34
ggg;l’:(r;nxltjz_iggﬂlyl-|ntArg4-b|d|-sT0mato-eGFP-pDASZ- TV1093 | BE4 Ze0 3.4
2581'33119;2:52ﬂyl-|ntArg4-b|d|—sT0mato-eGFP-pDASZ- TV1094 BES Ze0 3.4
ggg;l’:myéz:fgglgyl-|ntArg4-b|d|—sT0mato-eGFP-pDASZ- TV1095 BE6 760 34
ggﬂ':(r;nxltjz_iggﬂlyl-|ntArg4-b|d|-sT0mato-eGFP-pTALZ- TV1096 | BE7 760 34
ggfl';;n#;\zlefgmlyl-|ntArg4-b|d|-sT0mato-eGFP-pTALZ- TV1097 | BES Ze0 3.4
ggﬂ':aw#ézli)g/gyl-|ntArg4-b|d|—sT0mato-eGFP-pTAL2- TV1098 BE9 Ze0 3.4
Monaodirectional DAS1,2 deletion variants
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-dell TV0137 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del2 TV0138 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del2+del5 TV0139 Zeo 34
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del3 TV0140 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del4 TV0141 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del5 TV0142 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del6 TV0143 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del7 TV0144 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-del8 TV0145 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS1-WT TV0146 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-dell TV0147 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del2 TV0148 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del3 TV0149 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del4 TV0150 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del5 TV0151 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del6 TV0152 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del7 TV0153 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-del8 TV0154 Zeo 3.4
pPpT4mutZeoMlyl-intArg4-eGFP-Sbfl-pDAS2-WT TV0155 Zeo 3.4
Bidirectional fusions of monodirectional DAS1,2 deletions
2gggfngtizsel(ﬂ/gyélélntArg4—b|d|_S|ngIeTomato_EGFP—pDASZ— TVo778 | DDC1 Ze0 3.4
pPpT4mutZeoMlyl-intArg4-bidi_singleTomato_ EGFP-pDAS2-
del8+pDAS1-del2del5 Tvor7s | bbc2 zeo 34
pPpT4mutZeoMlyl-intArg4-bidi_singleTomato_EGFP-pDAS2-
del2+pDAS1-del2del5 Vo780 | DDC3 ze0 3.4
Eslzzégxtgf%l\élllgl-|ntArg4-b|d|_3|ngIeTomato_EGFP-pDASZ- TVO0781 DDCA4 Zeo 3.4
g;g‘iéngztszlegjl\élllgl—|ntArg4—b|d|_S|ngIeTomato_EGFP—pDASZ— Tvo782 | DDCS Ze0 3.4
pPpT4mutZeoMlyl-intArg4-bidi_singleTomato_ EGFP-pDAS2-
del6+pDAS1-del2del5 TV0783 | DDC6 Zeo 3.4
Eslgzégxtgf%l\élllgl-|ntArg4-b|d|_3|ngIeTomato_EGFP-pDASZ- TVO784 DDC7 760 34
Eslzzégxtgfﬂ\élgl-|ntArg4-b|d|_3|ngIeTomato_EGFP-pDASZ- V0785 DDCS Zeo 3.4
pPpT4mutZeoMlyl-intArg4-bidi_singleTomato_ EGFP-pDAS2-
trunc386+pDAS1-del6 V0786 | DDCO zeo 3.4
pPpT4mutZeoMlyl-intArg4-bidi_singleTomato_ EGFP-pDAS2-
trunc261+pDAS1-del6 TV0787 DDC10 Zeo 3.4
Synthetic hybrid BDPs (shBDPs) and controls
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidil TV0436 B1; shBDP21 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi2 TV0437 B2; shBDP22 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi3 TV0438 B3; shBDP23 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi4 TV0439 B4; shBDP24 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi5 TV0440 B5; shBDP19 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi6 TV0441 B6; shBDP17 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi7 TV0442 B7; shBDP20 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi8 TV0443 B8; shBDP18 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi9 TV0444 B9; shBDP15 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi10 TV0445 B10; shBDP16 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi1l TV0446 B11; shBDP37 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi12 TV0447 B12; shBDP36 Zeo 3.4
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pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi13 TV0690 B13; shBDP32 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi1l4 TV0691 B14; shBDP33 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi15 TV0692 | B15; shBDP34 Zeo 34
pPpT4-bidi-sTomato-EGFP-pHHX2-SynBidi16 TV0693 B16; shBDP28 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pCoreHHF2-76 TV0448 | C1; CF2-76 Zeo 34
pPpT4-bidi-sTomato-EGFP-pCoreHHF2-86 TV0449 C2; CF2-86 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-2-pCoreHHF2TATA(61) TV0450 | C3; CF2-61 Zeo 34
pPpT4-bidi-sTomato-EGFP-pCoreHHT2-73 TV0287 | C4=T4, CT2-73 Zeo 34
pPpT4-bidi-sTomato-EGFP-pCoreHHT2-89 TV0451 C5; CT2-89 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pCoreHHT2-TATA(55) TV0452 | C6; CT2-55 Zeo 34
pPpT4-bidi-sTomato-EGFP-pAOX1-1..302 TV0572 | V1; pAOX1-(-302..-1) Zeo 34
pPpT4-bidi-sTomato-EGFP-pDASL-TATA-105+pAOX1-1..302 | TVO573 X?ZSD_AS’LD&DHJ’F’AOXL Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pAOX1-160..940+pCoreHHF2- V3; pAOX1-(-940..-
TATA(61) TVOS74 | 160)+pCoreHHF2-61 Zeo 3.4
_glj_ir_?_r(%til)dl-sTomato-EGFP-pAOXl—TATA-160->pCoreHHF2- TVO575 | Va: TL-CF2-61 Ze0 34
gng4-bld|-sTomato-EGFP-pAOXl-TATA-188->pCoreHHF2- TV0576 | V5: TS-CF2-76 Ze0 34
pPpT4-bidi-sTomato-EGFP-pAOX1-XuanD->pCoreHHF2-76 TV0577 | V6; HX-CF2-76 Zeo 34
pPpT4-bidi-sTomato-EGFP-pAOX1-Raplext-->pCoreHHF2-76 | TV0578 | V7; R1-CF2-76 Zeo 34
pPpT4-bidi-sTomato-EGFP-pAOX1-D6ext-->pCoreHHF2-76 TV0579 V8; H6-CF2-76 Zeo 34
_;I)_ZEIJ_LA(%til)dl-sTomato-EGFP-pDASl-TATA-lO5->pCoreHHF2- TV0580 | VO: 5L-CF2-61 Ze0 34
ggpT4-b|d|-sTomato-EGFP-pDASl-TATA-126->p00reHHF2- TV0581 | V10: 5S-CF2-76 Ze0 34
pPpT4-bidi-sTomato-EGFP-pDAS2-D6toD8->pCoreHHF2-76 TV0582 V11, D6-CF2-76 Zeo 3.4
255_1%—2?:;?:{;1;}706?3FP-<-pHHT2-Tl46+pAOX1-TATA- TV0583 | V12: shBDP11 Ze0 34
gnglé:)-CbgirlézT:ga}tYOéESFP-<-pHHT2-T146+pDASl-TATA- TVO0584 V13: shBDP13 Zeo 3.4
Elsggi;zlgll-:sz'l_'(?)(r‘:io-EGFP-GpHHT2-T146+pAOX1-XuanD- TV0585 | V14: shBDP9 Zeo 3.4
Elsggfgt:'lgll;szT;Jer;r]_a;o-EGFP-opHHT2-Tl46+pAOX1-Rap1ext- TV0586 | V15: shBDP10 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<-pHHT2-T146+<-pAOX1-TATA-
188|pDAS1-TATA-126->pCoreHHF2-76-> TV0587 | V16 Zeo 34
pPpT4-bidi-sTomato-EGFP-pDAS1-TATA-126|pAOX1-TATA- V17; 2 CRMs +1 CP,
188->pCoreHHF2-76-> V0588 supporting info zeo 3.4
pPpT4-bidi-sTomato-EGFP-<-pCoreHHT2-73|pDAS1-TATA- .
126->|pAOX1-TATA-188->|pCoreHHF2-76-> TV0589 | V18; shBDP25 ze0 3.4
pPpT4-bidi-sTomato-EGFP-<-pCoreHHT2-73|pDAS1-TATA- .
126<-|]pAOX1-TATA-188<-|pCoreHHF2-76-> TV0590 | V19; shBDP26 ze0 3.4
pPpT4-bidi-sTomato-EGFP-<-pCoreHHT2-73|pDAS1-TATA- .
126->|<-pAOX1-TATA-188|pCoreHHF2-76-> TV0591 | V20; shBDP27 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-pHHX2-V21 TV0592 V21 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<-pAOX1-TATA-188|pDAS1- V22; 2 CRMs +1 CP,
TATA-126->pCoreHHF2-76 V0593 supporting info ze0 3.4
pPpT4-bidi-sTomato-EGFP<-pAOX1-XuanD(+Hartner- V23; 2 CRMs +1 CP,
D2)|pDAS2-D6toD8->pCoreHHF2-76 TV0594 supporting info zeo 3.4
pPpT4-bidi-sTomato-EGFP-<-pAOX1-TATA-160|pDAS1- TV0595 V24, 2 CRMs +1 CP, Zeo 3.4
TATA-105->pCoreHHF2-TATA(61)-> supporting info )
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-TATA(55)<- .
PAOX1-TATA-160->pCoreHHF2-TATA(61) TVO6E1 | V25; shBDP3 zeo 34
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-73<-pAOX1-TATA- .
188->pCoreHHF2.76 TV0662 | V26; shBDP4 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-73<-pA0OX1- .
XuanD->pCoreHHF2-76 TV0663 | V27; shBDP1 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-73<-pAOX1- .
Raplext-->pCoreHHF2-76 TV0664 V28; shBDP2 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-73<-pA0X1-D6ext- .
'S pCoreHHF2-76 TV0665 | V29; shBDPS Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-TATA(55)<- .
PDAS1-TATA-105->pCoreHHF2-TATA(61) TVO6E6 | V30; shBDP6 zeo 34
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-73<-pDAS1-TATA- .
126->pCoreHHF2-76 TV0667 | V31; shBDP7 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-<--pCoreHHT2-73<-pDAS2- .
D6toD8->pCoreHHF2-76 TV0668 | V32; shBDP8 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V33 TV0694 | V33; shBDP12 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V34 TV0695 V34; shBDP14 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V35 TVO775 | V35; shBDP29 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V36 TVO0776 V36; shBDP30 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V37 TVO777 | V37, shBDP31 Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V38 TV1195 V38; V30 'rev' Zeo 3.4
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pPpT4-bidi-sTomato-EGFP-V39 TV1196 | V39, V31 'rev' Zeo 3.4
pPpT4-bidi-sTomato-EGFP-V40 TV1197 | V40, V32 'rev' Zeo 3.4
Bidirectional terminators
T malo-pAGXL (-bic ferhinator loning veeion) | TVO760_| TBC? zeo 34
pPpT4mutZeoMlyl-intArg4-pAOX1-eGFP-Notl-sTomato- Tv0955 | TBC1 7e0 24
pAOX1 (no stuffer control) .
DAOXLDASITT +AOXITTatar wo Nt Ko | TV0%41 Zeo 34
DAOXIFBPITTHDASZTT KAt © oo oo | Tvoss2 zeo 34
PAOXLSASPOSTTLSEIDPITT gD o | Tv0sa3 zeo 24
DAOXIADHTTHOXRITY KA oot oo | Tvosas zeo 3.4
DAOXLFBALTTAEBAZTT KG © o o | Tvosss zeo 3.4
;’ng)i( i_['):IT_[l)D'I'lA}I_rr_}LitCZ;i%I\_/II_I_I)_/I}-%[ggrg4-pAOX1-eGFP-sTomato- TV0946 700 22
PAOXLSUPRMOTT rSCHSPROTT KA | TV0%47 Zeo 24
DAOXLSCUBXBTTETPITTT KAID o | Tvosas zeo 34
DAOXLFOHITTATALZTTKGE o o | Tvosas Zeo 3.4
PAOXL-GOWLATTATEFITT KATC oot o | Tv0950 zeo 34
PAOXL. DASITTHDASETT KeaA oot = e | Tvossy Zeo 34
PAOXL BB THACKA T Stor wh hotl KB+ | TV0952 Zeo 34
DAOXL SCIDPATT (rSCPEXIOTT) K6 | TV09S3 zeo 34
PAOXI-TEFITT (g0UP-TT) KD o o e | Tvoss4 Zeo 24
STomatb pAOXL (no Sufer conoy K2E V0955 Zeo 34
Applications (dual gene coexpression)
CalB+sPDI
glr’npr'll'séimfuéige\%\;llyl-TntArg4-deT-CalB_VTU-synPDImuthrI- TV0208 7e0 24
EE%Tsﬁgl;tzsmlﬁir}ﬁlgé-ﬂdf—CalB_VTU-synPDImuthrI- TV0209 60 24
EgpA'FSAflrjﬁzl:gﬁ?xI)Q;?;ﬁgg?’td,—zt])fdf—CalB_VTU—synPDImuthrI— TV0210 7e0 24
EZDOT)'(Arln:;téigliﬂhlzcli—?gtlﬁ\[rgﬁc—)gc;]—CalB_VTU—synPDImuthrI— V0211 00 a4
e e R
Eipo'lzln:;tgzgﬁmé;nﬂr?stg;?;]calB_VTU-synPDImuthrI- TV0213 760 24
Eipo';ﬁiT:té:gmll}gqr&tgr[%ﬁf%d&CalB_VTU—synPDImuthrI— TVO214 7e0 24
Eg;;‘gr;gi_ﬁmé—?ﬁrsghtg%—CalB_VTU—synPDImuthrI— TV0215 7e0 24
gigj&lﬁ%iorzl\ty:(?t[g:%ﬁg]dlCaI B_VTU-synPDImutBmrl- V0216 00 )
EEg;iTHu;ZBez?ﬁl\:lvléll}-%ritgrr?g&béc]if-CalB_VTU-synPDImuthrI- V0217 7e0 24
EEpr';\ir’\wHu_lt_ZBeZ(?ll'\ge/lthéL?r;tygi—CalB_VTU—synPDImuthrI— TVO0218 7e0 24
EZg{ﬁgl;&_ef\c,)vlzilllr)éll—?r[]stﬁg?t4it;]d?—CalB_VTU—synPDImuthrI— TV0219 7e0 24
EEg{}ﬁgl}:tiig\l\//l:ﬁ-f[r;tﬁgrgtﬁgidf-CalB_VTU-synPDImuthrI- V0220 260 s
g)l:r?gélr;ul}tzlge;lxllyl-|ntArg4-b|d|-pCAT1-CaIB_VTU-pAOXl- TV0933 CalB C1 (control) 7e0 34
gir?ggmul}tz;rﬁl:flyl—intArg4—bidi—pCAT1—CaIB_VTU—pGAP— TV0934 CalB C2 (control) Ze0 24
HRP+sPDI
%Zﬂﬁrj]Bur;Zr?Sc;quIf)élr—(iRNtﬁ\)rgébidi—HRPA2—synPDImuthrI— Tv0222 | Entry vector 60 34
NS94 DDASL 2hat e (abbr. KL | TV0223 zeo 34
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pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pDAS1,2nat-rev (abbr. 2) K1 V0224 Z€o 34

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pAOX1+pGAP-fwd (abbr. 3) K2 Vo225 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pAOX1+pGAP-rev (abbr. 4) K1 V0226 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pAOX1+pCAT1-fwd K1(abbr. 5) K2 Tvozzr Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pAOX1+pCAT1-rev (abbr. 6) K1 Vo228 ze0 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pGAP+pCAT1-fwd (abbr. 7) K2 Vo229 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pGAP+pCAT1-rev (abbr. 8) K1 V0230 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pHTAL,HTB2-fwd (abbr. 9) K1 Tvozs1 ze0 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pHTAL,HTB2-rev (abbr. 10) K2 V0232 €0 34

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pHistH3,H4-fwd (abbr. 11) K1 V0233 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HRPA2-synPDImutBmrl-

N314H-pHistH3,H4-rev (abbr. 12) K1 V0234 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-pAOX1-HRPA2-pCAT1-

synPDImutBmrl-N314H TV0937 HRP C1 Zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-pAOX1-HRPA2-pGAP-

synPDImutBmrl-N314H TV0938 HRP C2 Zeo 3.4

HsCYP2D6+CPR

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl- TV0236 Ze0 3.4

Bmristuffer K3 )

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pDAS1,2nat-fwd [short 1] K3 Vo317 zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pDAS1,2nat-rev [short 2] K3 Vo318 zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

PAOX1+pGAP-fwd [short 3] K1 Vo319 ze0 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pAOX1+pGAP-rev [short 4] K3 V0320 zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pAOX1+pCAT1-fwd [short 5] k5 Tvosz21 zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pPAOX1+pCAT1-rev [short 6] k1 Tvosz2 ze0 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

PGAP+pCAT1-fwd [short 7] K1 Vo323 zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pGAP+pCAT1-rev [short 8] K2 Tvos24 ze0 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

PGAP+pTEF1-fwd [short 9] K2 Vo325 ze0 3.4

pPpT4mutZeoMlyl-intArg4-bidi-HsCYP2D6-HsCPRmutBmrl-

pGAP+pTEF1-rev [short 10] K1 V0326 Zeo 3.4

CtCYP52A13+CPR

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-Bmrlstuffer(fwd) (=pPpT4mutZeoMlyl-

intArg4-bidi-CtCYP52A13mutBmrl-Ct NCP_ AmutBmr- Vo193 ze0 3.4

Bmrlistuffer(fwd) K2)

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pDAS1,2nat-fwd K2 [shortcut number 1] V0194 zeo 3.4

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct NCP_AmutBmrl-pDAS1,2nat-fwd K3 [shortcut number 2] TV0195 Zeo 34

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pAOX1Bglll-pGAPshort-FUSION-fwd K2 TV0196 Zeo 3.4

[shortcut number 3]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pAOX1Bglll-pGAPshort-FUSION-rev K3 TV0197 Zeo 3.4

[shortcut number 4]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pAOX1Bglll-pCAT1-FUSION-fwd K3 TV0198 Zeo 3.4

[shortcut number 5]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pAOX1Bglll-pCAT1-FUSION-rev K3 TV0199 Zeo 3.4

[shortcut number 6]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pGAPshort-pCAT1-FUSION-fwd K3 TVv0200 Zeo 3.4

[shortcut number 7]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct NCP_AmutBmrl-pGAPshort-pCAT1-FUSION-rev K1 Tv0201 zeo 3.4
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[shortcut number 8]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pGAPshort-pTEF1-FUSION-fwd K1 TV0202 Zeo 3.4
[shortcut number 9]

pPpT4mutZeoMlyl-intArg4-bidi-CtCYP52A13mutBmrl-

Ct_NCP_AmutBmrl-pGAPshort-pTEF1-FUSION-fwd K1 TV0203 Zeo 3.4
[shortcut number 10]

Taxadiene (dual gene coexpression application)

pPpT4mutZeoMIyl-intArg4-DAS1TT-AOX1TT-TDS_optTV- TV1221 [ L iene entrv vector Ze0 3.4
GGPPS_optTV-Bmrlstuffer TV1222 Y )
TX1-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS. 0ptTV-GGPPS_0ptTV-pDASL,2-fwd KC Tvi223 Zeo 3.4
TX2-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS_optTV-GGPPS_optTV-pDAS1,2-rev KB Tvizz4 Zeo 34
TX3-pPpT4mutZeoMlyl-intArg4-DAS1TT-AOX1TT-

TDS_optTV-GGPPS_optTV-pDAS2-d8|pDAS1-d2d5 KA V1225 Zeo 3.4
TX4-pPpT4mutZeoMlyl-intArg4-DAS1TT-AOX1TT-

TDS. optTV-GGPPS_optTV-B16 fwd KB TV1226 Zeo 34
TX5-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS._ optTV-GGPPS_optTV-B16 rev KC Tvizz7 €0 34
TX6-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS. optTV-GGPPS optTV-pAOX1+pCAT1-500 fwd KC V1228 Zeo 34
TX7-pPpT4mutZeoMlyl-intArg4-DAS1TT-AOX1TT-

TDS_ optTV-GGPPS_optTV-pAOX1+pCAT1-500 rev KB V1229 zeo 3.4
TX8-pPpT4mutZeoMlyl-intArg4-DAS1TT-AOX1TT-

TDS_optTV-GGPPS_optTV-pAOX1+pGAP fwd KB V1230 zeo 3.4
TX9-pPpT4mutZeoMlyl-intArg4-DAS1TT-AOX1TT-

TDS_optTV-GGPPS_optTV-pAOX1+pGAP rev KA Tvizsl zeo 3.4
TX10-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS_optTV-GGPPS_optTV-pGAP+pCAT1-500 fwd KB V1232 Zeo 34
TX11-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS_optTV-GGPPS_ optTV-pGAP+pCAT1-500 rev KB V1233 zeo 3.4
TX12-pPpT4mutZeoMlyl-intArg4-DAS1TT-AOX1TT-

TDS_optTV-GGPPS_optTV-pHTX1 KA V1234 zeo 3.4
TX13-pPpT4mutZeoMlyl-intArg4-DAS1ITT-AOX1TT-

TDS_optTV-GGPPS_optTV-pHHX2 KC V1235 ze0 3.4
Entry vectors for pathways

pPpT4_S-DAS1TT-Notl-AOXITT Clone A TV0975 Zeo 34
pPpT4mutZeoMlyl-intArg4-DAS1TT-Notl-AOX1TT Clone F TV0976 Zeo 3.4

Chapter 3.5

For Zeocin selection based screening vectors bearing the factors under control of Pgap/Pcari and the promoters of certain TFs cloned
upstream of eGFP, see also the master thesis of Lukas Sturmberger. Still all strains are listed here.

pPpT4mutZeoMlyl-intUra3-pGAP-Mxr1-pAOX1-sTomato TV0677 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pCAt1-Mxr1-pAOX1-sTomato TV0678 Zeo 35
pPpT4mutZeoMlyl-intUra3-pGAP-Prm1-pAOX1-sTomato TV0679 Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT-Prm1-pAOX1-sTomato TV0680 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Mppl-pAOX1-sTomato TV0681 | Trml Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT-Mpp1l-pAOX1-sTomato TV0682 | Trml Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Mxrlc-pAOX1-sTomato TV0687 Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT1-Mxrlc-pAOX1-sTomato TV0688 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pCAT-Snfl-pAOX1-sTomato TV0761 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pCAT-Snf2-pAOX1-sTomato TV0762 Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT-Cat8-pAOX1-sTomato TV0763 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pCAT-Regl-pAOX1-sTomato TV0764 Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT-Gal4-pAOX1-sTomato TV0765 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Snf2-pAOX1-sTomato TV0766 Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT-Rpd3-pAOX1-sTomato TV0767 Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT-Hdal-pAOX1-sTomato TV0768 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Swil-pAOX1-sTomato TV0769 Zeo 35
pPpT4mutZeoMlyl-intUra3-pGAP-Snfl-pAOX1-sTomato TV0770 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Regl-pAOX1-sTomato TV0771 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Gal4-pAOX1-sTomato TV0772 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pCAT-Swil-pAOX1-sTomato TVO0773 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-Rpd3-pAOX1-sTomato TV0774 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP1-Cat8-pAOX1-sTomato TV0720 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP1-Hdal-pAOX1-sTomato TV0721 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pGAP-eGFP-pAOX1-sTomato TV0305 | In some lists mislabeled Zeo 35
pPpT4mutZeoMlyl-intUra3-pCAT1-eGFP-pAOX1-sTomato TV0306 | intArg4 instead of intUra3 Zeo 35
pPpT4mutZeoMlyl-intUra3-pMxrl-sTomato TV0683 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pPrm1-sTomato TV0684 Zeo 3.5
pPpT4mutZeoMlyl-intUra3-pMppl-sTomato TV0685 | Trml Zeo 3.5
pPpKan-intURA3-sTomato-AOX1Bglll-pCAT1-500-Mxrl TV0977 Kan/Gen 3.5
pPpKan-intURA3-sTomato-AOX1Bglll-pCAT1-500-Mppl TV0978 | Trml Kan/Gen 3.5
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pPpKan-intURA3-sTomato-AOX1Bglll-pCAT1-500-Prm1 TV0979 Kan/Gen 3.5
pPpKan-intURA3-sTomato-AOX1Bglll-pCAT1-500-eGFP TV0980 Kan/Gen 3.5
pPpKan-intURA3-sTomato-AOX1Bglll-pCAT1-Mxrl (pCAT1-
692) V0889 These are pCAT1-692 based Kan/Gen 35
pPpKan-intURA3-sTomato-AOX1Bglll-pCAT1-Mppl (pCAT1- TV0890 conversion plasmids initially Kan/Gen 35
692) (Mppl = Trm1) made, encountered massive )
PpKan-intURA3-sTomato-AOX1Bglll-pCAT1-Prm1 (pCAT1- instability problems upon Gen
295) o ® V0891 selecti0r¥. FI)can’t thinkpof a Kan/Gen 3.5
PpKan-intURA3-sTomato-AOX1Bglll-pGAP-Mxrlc (pCAT1- possible scenario where those
295) o ® TVO892 | should be needed. Listed as Kan/Gen 35
ggg)Kan-lntURA3-sTomato-AOX1BgIII-pCATl-eGFP (PCATL- | 1\ /0393 backup Kan/Gen 35
Chapter 3.6.1
pPpT4_SB-syncl-eGFP TV0070 Zeo 3.6.1
pPpT4_SB-sync2-eGFP TV0071 Zeo 3.6.1
pPpT4_SB-sync3-eGFP TV0072 Zeo 3.6.1
pPpT4_SB-sync4-eGFP TV0073 Zeo 3.6.1
pPpT4_SB-sync6-eGFP TV0074 | sync5 in paper Zeo 3.6.1
pPpT4_SB-sync7-eGFP TV0075 syncé in paper Zeo 3.6.1
pPpT4_SB-sync3_ins-eGFP TV0076 Zeo 3.6.1
pPpT4_SB-sync4 _ins-eGFP TV0077 Zeo 3.6.1
pPpT4_SB-sync7_ins-eGFP TV0078 syncé_ins in paper Zeo 3.6.1
pPpT4_SB-pAOX1-eGFP TV0079 Zeo 3.6.1
pPpT4_SB-pCorell-eGFP TV0080 Zeo 3.6.1
pPpT4_SB-truncatedpAOX1-eGFP TV0081 | simplifying cloning Zeo 3.6.1
pPpT4_SB-pCorel-eGFP TV0689 Zeo 3.6.1
Chapter 3.6.3 (Stain collection numbers of the IMBT Graz provided)
pPpRSFC [1P] 6480 #1 Zeo 3.6.3
pPpRSFC_alpha [2P] 6481 #2 Zeo 3.6.3
pPpRSFC_alpha.noEAEA [3P] 6482 #3 Zeo 3.6.3
pPpRSFC_GAP [4P] 6483 #4 Zeo 3.6.3
pPpRSFC_GAP_alpha [5P] 6484 #5 Zeo 3.6.3
pPpRSFC_GAP_alpha.noEAEA [6P] 6485 #6 Zeo 3.6.3
pPpRSFC_N.EGFP [7P] 6712 #7 Zeo 3.6.3
pPpRSFC_C.EGFP [8P] 6713 #8 Zeo 3.6.3
pPpRSFC_alpha_N.EGFP [9P] 6714 #9 Zeo 3.6.3
pPpRSFC_alpha_C.EGFP [10P] 6715 #10 Zeo 3.6.3
pPpRSFC_N.MYC [11P] 6716 #11 Zeo 3.6.3
pPpRSFC_C.MYC [12P] 6717 #12 Zeo 3.6.3
pPpRSFC_alpha N.MYC [13P] 6718 #13 Zeo 3.6.3
pPpRSFC_alpha C.MYC [14P] 6719 #14 Zeo 3.6.3
pPpRSFC_N.FLAG [15P] 6720 #15 Zeo 3.6.3
pPpRSFC_C.FLAG [16P] 6721 #16 Zeo 3.6.3
pPpRSFC_alpha N.FLAG [17P] 6722 #17 Zeo 3.6.3
pPpRSFC _alpha_C.FLAG [18P] 6723 #18 Zeo 3.6.3
pPpRSFC_N.HIS.ncs [19P] 6724 #19 Zeo 3.6.3
pPpRSFC_C.HIS.ncs [20P] 6725 #20 Zeo 3.6.3
pPpRSFC_alpha_N.HIS.ncs [21P] 6726 #21 Zeo 3.6.3
pPpRSFC_alpha_C.HIS.ncs [22P] 6727 #22 Zeo 3.6.3
pPpRSFC_N.HIS [23P] 6728 #23 Zeo 3.6.3
pPpRSFC_C.HIS [24P] 6729 #24 Zeo 3.6.3
pPpRSFC_alpha_N.HIS [25P] 6730 #25 Zeo 3.6.3
pPpRSFC_alpha_C.HIS [26P] 6731 #26 Zeo 3.6.3
pPpRSFC_N.MBP [27P] 6732 #27 Zeo 3.6.3
pPpRSFC_C.MBP [28P] 6733 #28 Zeo 3.6.3
pPpRSFC_alpha N.MBP [29P] 6734 #29 Zeo 3.6.3
pPpRSFC_alpha_C.MBP [30P] 6735 #30 Zeo 3.6.3
pPpRSFC_N.STREP [31P] 6736 #31 Zeo 3.6.3
pPpRSFC_C.STREP [32P] 6737 #32 Zeo 3.6.3
pPpRSFC_alpha_N.STREP [33P] 6738 #33 Zeo 3.6.3
pPpRSFC_alpha_C.STREP [34P] 6739 #34 Zeo 3.6.3
pPpRSFC_HIS [1PHIS] 6762 #35 Amp/Ahis4 3.6.3
pPpRSFC_HIS_alpha [2PHIS] 6763 #36 Amp/Ahis4 3.6.3
pPpRSFC_HIS_alpha.noEAEA [3PHIS] 6764 #37 Amp/Ahis4 3.6.3
pPpRSFC_HIS_GAP [4PHIS] 6765 #38 Amp/Ahis4 3.6.3
pPpRSFC_HIS_GAP_alpha [5PHIS] 6766 #39 Amp/Ahis4 3.6.3
pPpRSFC_HIS_GAP_alpha.noEAEA [6PHIS] 6767 #40 Amp/Ahis4 3.6.3
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