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Abstract

Pichia pastoris is a simple but nevertheless important host for the expression of heterologous
eukaryotic proteins since many posttranslational modifications such as glycosylation,
disulfide bond formation, and proteolytic processing can be achieved. Additionally, the
availability of strong and tightly regulated promoters makes this host very interestingly.
However, the industrial application of Pichia pastoris is hampered in some cases since
methanol is needed for protein production in the case of one of the most popular promoter
(P(AOX1)). Additionally, strong promoters inducing high transcript levels can overload the
cellular post-translational machinery resulting in misfolded, unprocessed or mislocalized
proteins. Thus growth and productivity can be negatively affected. Therefore, alternatives are
wanted. Recently, based on the P(AOX1) sequence a promoter library was generated to fine
tune protein expression in Pichia pastoris.The main aim of the present study was to proof
that protein production in Pichia pastoris can be still further improved by using these new
promoter variants. Moreover, we wanted to demonstrate that Pichia serves as interesting
alternative to more complex to handle fungal expression systems for the expression of
lignocellulolytic enzymes. Therefore, four different lignocellulolytic enzymes were chosen as
targets. A screening assay was adapted to micro-scale and its applicability as sensitive and
reliable detection method for the engineering of lignocellulolytic enzymes was proven.
Afterwards, the effects of synonymous codon substitution, promoter choice and gene dosage
on protein production were further evaluated to get optimized conditions for protein
production. We demonstrated Pichia’s ability to produce high levels of lignocellulolytic
enzymes possessing high specific activities. Additionally, we showed that the new synthetic
promoters positively influenced protein production in Pichia pastoris. P. pastoris strains were
generated producing titers of 1.142 g/l TroMan, 1.2 g/l TIXynA and 18 g/l TrCBH2.



Zusammenfassung

Pichia pastoris ist ein einfacher aber dennoch wichtiger Wirt flr die heterologe Expression
von eukaryotischen Proteinen, weil viele posttranslationelle Veranderungen wie
Glykosylierung, Disulfidbriicken Formierung und proteolytische Prozessierung erreicht
werden kdnnen. Zusatzlich macht das Vorhandensein von starken und gut regulierten
Promotoren diesen Wirt sehr interessant. Jedoch ist die industrielle Verwendbarkeit von
Pichia pastoris in manchen Féllen eingeschrankt, weil Methanol fir die Protein Produktion
mit einem der beliebtesten Promotoren (P(AOX1)) bendtigt wird. Des Weiteren kdnnen
starke Promotoren hohe Transkript Mengen induzieren, was zu einer Uberlastung der
zelluldren post-translationalen Maschinerie fihren kann und als Resultat falsch gefaltete,
nicht prozessierte oder falsch lokalisierte Proteine zur Folge hat. Dadurch kann es auch zu
einer Beeintrachtigung des Wachstums und der Produktivitit kommen. Deswegen sind
Alternativen gefragt. Kirzlich wurde, basierend auf der P(AOX1) Sequenz, eine Promoter
Bibliothek generiert, die eine Feinabstimmung der Protein Expression in Pichia pastoris
gewahrleistet. Das Hauptziel der vorliegenden Studie war zu beweisen, dass die Protein
Expression in Pichia pastoris verbessert werden kann, indem man diese neuen Promoter
Varianten einsetzt. Des Weiteren wollten wir demonstrieren, dass Pichia fir die Expression
von Lignocellulose modifizierenden Enzymen eine interessante Alternative zu schwierigeren
pilzlichen Expressionssystemen bietet. Deswegen wurden vier verschiedene Lignocellulose
modifizierende Enzyme als Ziele ausgewahlt. Ein Screeningverfahren wurde an MikrogrdBe
angepasst und hat ihre Anwendbarkeit als sensitive und verlassliche Nachweismethode flr
das Engineering von lignozellulolytischen Enzymen gezeigt. AnschlieBend wurden die
Effekte von synonymem Codon Austausch, Promoter Wahl und Gen Dosierung auf Protein
Produktion genauer evaluiert, um optimierte Bedingungen fur die Protein Produktion zu
bekommen. Es wurde demonstriert, dass Pichia in der Lage ist groBe Mengen an
Lignocellulose modifizierenden Enzymen zu produzieren, die hohe spezifische Aktivitaten
aufweisen. AuBerdem wurde gezeigt, dass die neuen synthetischen Promotoren einen
positiven Einfluss auf die Protein Produktion in Pichia pastoris haben. Es konnten P. pastoris
Stdmme hergestellt werden, die einen Titer von 1.142 g/l TroMan, 1.2 g/l TIXynA und 18 g/I
TrCBH2 an Protein produziert haben.
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Introduction

Introduction

1. Bioethanol

The reservoir of fossil fuels is steadily decreasing and together with environmental issues, in
terms of greenhouse gas emissions and unstable oil markets, this leads to the demand for
alternative fuels. Plant biomass as the most abundant renewable resource on earth which also
comprises energy- rich carbohydrates seems to be a perfect candidate for sustainable energy
exploitation. Carbohydrates can be released from plant biomass by enzymatic hydrolysis and
subsequently can be converted to bioethanol and many other value-added products.
Bioethanol is a very promising fuel due to several desirable characteristics. These
characteristics include good combustion efficiency, a reduction of particulate and NOy
emission from combustion, a high octane value, its CO, neutral production as well as its
compatibility with the existing transport infrastructure [1-6]. Currently, the most common
feedstocks for bioethanol production are either corn grain (starch) or sugar cane (sucrose) [7].
However, within the last years more and more concerns arose regarding the application of
those C-sources. The so called “food versus fuel” concern is the most prominent one but there
are also other socially, economically, environmentally and technically ones [1, 6]. Therefore,

alternative biomass sources are wanted.

1.1.Lignocellulosic biomass composition

The so called second generation bioethanol is produced from lignocellulosic biomass and
exhibits energetic, economic and environmental advantages in comparison to bioethanol from
starch or sugar [6]. However, the recalcitrant nature of lignocellulosic biomass impedes its
profitable utilization at industrial scale. Corn grain consists of mainly one carbohydrate
(starch) thus comprises a far less complex structure than lignocellulosic biomass [8].
Lignocellulosic biomass is obtained from higher plants, softwood or hardwood and consists of

three main components: cellulose (40-55%), hemicellulose (24-40%) and lignin (18-35%)
[9].
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1.1.1. Cellulose

In principle, starch from corn grain and cellulose consist of the same molecule, glucose. In
both cases glucose is linked together in chains via glycosidic bonds. The main difference
between starch and cellulose is the linkage between the individual glucose units itself. In
starch o-1,4 and a-1,6 glycosidic linkages (amylose and amylopectin) occur while in
cellulose glucose is linked via B-1,4 glycosidic bonds [6], see Figure 1. Due to the B-1,4
glycosidic bonds, long straight chains of glucose monomers can be arranged. The average
chain length of cellulose is between 7000-15000 sugar units. These chains can be connected
through the evenly distributed hydroxides on both sides of the monomers. By doing so several
layers of cellulose can be created. This characteristic structure makes cellulose highly
crystalline and compact and thus, very resistant for water or enzymes to penetrate the
structure. Therefore, cellulose is a major structural compound of cell walls that is responsible

for mechanical strength and chemical stability of plants [8-11].

) OH OH

___Ll/-o _OH_ é
uo/l-[[x ., \Z;(\-e’/\ fﬂra \/wﬂll OH

OH t |

(B-i)
OH ol OH o
;/Ng S . Ng PN k/;;
L] OH OH
/\/ HO -~ Ho—>" 0 H(J\:}’/ OH

(B-ii) OH

Figure 1: The structures of (A) cellulose, (B) starch consisting of (i) amylose and (ii)

amylopectin as proposed by Nimtz, taken from [8]
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1.1.2. Hemicellulose

Hemicellulose also exists in the plant cell wall. They are short, highly branched
heteropolymers of different five-carbon (pentoses) and six-carbon (hexoses) sugars and a
number of sugar acids. Their composition and structure is depending on the source and
extraction method [11]. In softwood the dominant sugar of hemicellulose is mannose whereas
in hardwood and agriculture residues the dominant sugar is xylose. In principle, the
backbones of hemicellulose are 3-1,4 linked polysaccharides with an equatorial configuration.
From these backbones various short branches of mannose, arabinose, galactose,
glucuronicacid, etc can be found. The average chain length of hemicellulose is between 500-
3000 sugar units [11]. Depending on the side chain different chemical characteristics of
hemicelluloses can be obtained. For example, there are hemicelluloses known which are
soluble in water and some which are not. This effect can be explained by a higher percentage
of acids in the side chains which lead to a slight charge of the hemicellulose. Contrary to
cellulose hemicellulose is not crystalline. This is mainly due to the highly branched structure,
and the presence of acetyl groups connected to the polymer chains. Besides this,
hemicellulose can be also easier hydrolyzed because of its branched, amorphous nature.
Moreover, in lignocellulosic materials, hemicellulose is the most thermal-chemically sensitive
fraction. Hemicelluloses are a bonding agent between cellulose and lignin and therefore, limit
the stretchiness of the cell wall. One biological function of hemicellulose is the controlling of

cell enlargements [8-11].

1.1.3.Lignin

Lignin is a complex, amorphous, aromatic polymer of phenyl propanoid units with molecular
masses in excess of 10,000 Da [11]. The exact chemical structure is difficult to ascertain since
it 1s fragmented during extraction. Moreover, the molecule consists of various types of
substructures that appear to repeat in a random manner and varies with plant and species.
Basically, lignin contains of three aromatic alcohols coniferyl alcohol, sinapyl and p-coumaryl
that are methoxylated to various degrees. Resulting units from the alcohols are incorporated
into lignin and are further on referred to as guaiacyl (G), syringyl (S), and p-hydroxyphenyl
(H) units [11]. Typically, the main components from softwood (gymnosperms) lignin are G-

units and to a minor extent H-units. Unlike hardwood (angiosperm) dicots, here lignins are

Vil
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composed of G- and S-units. In softwood compression wood and also in higher grasses the
amount of H-units is slightly increased. The lignin content of softwoods is generally higher
than that of hardwoods. Lignin composition can not only differ among taxa and species but
can also differ among individual cell types and even at the level of individual cell wall layers.
Besides, a variety of non hydrolysable C-C and C-O-C bonds this complex matrix also
comprises a variety of functional groups [11]. These are methoxyl, phenolic hydroxyl and few
terminal aldehyde groups and are supposed to have an impact on its reactivity toward the
delignification process. Only a small percentage of the phenolic hydroxyl groups are free
since most are occupied in bonds to adjoining phenylpropane linkages. This chemical
constitution makes lignin hydrophobic and prohibits its penetration by water and enzymes.
Because of its hydrophobic nature lignin also plays a crucial role in conduction water in plant
stems. Additionally, lignin is has a stabilization effect of the cell walls. It is covalently linked
to hemicellulose as well as to cellulose and forms a protective layer for the plant cell walls.

Since lignin is the most recalcitrant component of the lignocellulosic biomass this component

is the biggest obstacle for its efficient utilization [8-11].
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Figure 2: Molecular component of plant cell wall structure, taken from [10].
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1.2.Pretreatment of lignocellulosic biomass

To facilitate lignocellulosic biomass conversion various pretreatment technologies are
available. The main purpose of pretreatments is to alter the macro- and microscopic size and
structure of the biomass, as well as its submicroscopic chemical composition to get an easier
excess to the cellulose fraction. Each pretreatment method has specific impacts on the
cellulose, hemicellulose and lignin parts. Therefore, different pretreatment methods and
conditions should be chosen depending on the following application for hydrolysis and
fermentation. Furthermore, pretreatments have a severe impact on an economical efficient
production of bioethanol from lignocellulosic biomass, in terms of investment costs, energy
consumption, time frame, etc. [9, 12-14].

Hemicellulose removal leads to an increase of the mean pore size of the substrate and thereby
increases the accessibility and the probability of the cellulose to become hydrolyzed.
Nevertheless, higher total fermentable sugar production can be obtained if hemicellulosic
sugars can be recovered in the pretreated solids. Since hemicellulose can account for 37-48%
[15] of a plant primary cell wall it represents an abundant and valuable source of pentose
sugars. Besides its recalcitrant nature, lignin appears to reduce cellulose hydrolysis by non-
productively binding cellulolytic enzymes and therefore has to be removed. However, lignin
is an interesting starting source for the production of various chemicals, combined heat and
power or other purposes thus makes recovery worth it [9, 12-15]. Since pretreatments are not
on the scope of this thesis they will be just briefly summarized in the following subchapters

(see also Table 1).

1.2.1. Physical pretreatment methods

These techniques utilize mechanical forces in order to reduce cellulose crystalline and/or
increase the surface area of the material. The accessibility of the material is improved by a
combination of processes such as chipping, grinding and milling. These treatments are very
helpful tools to increase the yield of bioethanol from lignocellulosic biomass. However, they

are usually found quite unattractive due to their high energy and capital costs [12-15].
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1.2.2. Chemical pretreatment

These techniques are based on the disruption of the biomass structure through chemical
reactions. Lignin and hemicelluloses are going to be removed by their interactions with
different chemicals, such as ozone, diluted acids (H,SO4 and HCI), alkali, peroxides, and
organic solvents. Unfortunately, most of these techniques are not cost competitive at large

scale so far [12-15].

1.2.3. Physico-chemical pretreatment

These techniques combine mechanical as well as chemical actions. The most prominent
pretreatment method in this group is steam explosion. It is a hydrothermal pretreatment in
which the biomass is exposed to hot pressurized steam for a certain time ranging from
seconds to several minutes, and then suddenly depressurized. On account of this the fibre
structure breaks down, and the lignocellulose components get separated and partially

solubilized. However, this method is also quite energy intensive [12-15].

1.2.4. Biological pretreatment

These techniques employ microorganisms such as brown, white and soft rot fungi to produce
lignin degrading enzymes like lignin peroxidases, Mn-dependent peroxidises and laccases
(monophenol oxidases). Advantageously, the energy requirement for this process is quite low
and it also needs mild environmental conditions. Nevertheless, slow kinetics prohibits the

application at industrial scale so far [12-15].

1.2.5. Example processes for separation of cellulose hemicellulose and lignin

1.2.5.1. Biofine process

Opposite to other dilute-acid lignocellulosic-fractionating technologies no free monomeric
sugars are generated during the Biofine Process. Two distinct reactors are employed to break
down the chemical structure into three main compounds furfural, levulinic acid and lignin. A
high temperature tubular reactor into which steam is injected is employed followed by a

second stage mixed reactor. The produced levulinic acid and furfural are concentrated,
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purified and can be converted to a variety of other chemicals, including substitutions for

petrochemicals (e.g. methyl tetrahydrofuran) [16].

1.2.5.2. CIMY process

The feedstock is treated at atmospheric pressure with a mixture of acetic acid and formic acid
to dissolve the lignin and also to hydrolyze the hemicellulose into oligo- and monosaccharides
harboring a high xylose content. After filtering of the raw pulp the solvent is removed and the
residue is bleached by hydrogen peroxide. Organic acids are recycled by the evaporation from
the organic solution. The remaining syrup is then treated with water to easily separate lignin
from it by precipitation. Fortunately, the obtained lignin shows quite unusually linear
structures and can be used as a reactant for chemical production of new polymers and
composites synthesis. The raw syrup can be directly employed for numerous industrial

applications without further purification steps needed [17].

Xl
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Table 1: Pretreatment processes of lignocellulosic materials, adapted from [18]

Method

Processes

Mechanism changes on biomass

Physical
pretreatments

Milling

Hydrothermal

High pressure steaming
Extrusion

Expansion

Pyrolysis

Irradiation

Increases in accessible surfaces area
and size of pores

Decrease of the cellulose crystallinity
and its degrees of polymerization

Partial hydrolysis of hemicelluloses

Partial de-polymerization of lignin

Physicochemical
& chemical
pretreatments

Explosion:
-Steam, ammonia fiber
(AFEX), CO,, SO, explosion

Alkali:

-Sodium hydroxide
-Ammonia
-Ammonium Sulfite

Gas:
-Chlorine and nitrogen dioxide

Acid:

-Sulfuric, hydrochloric,
phosphoric acid
-Sulfur dioxide

Oxidizing agents:
-Hydrogen peroxide
-Wet oxidation
-Ozone

Cellulose solvents:
-Cadoxen
-CMCS

Solvent extraction of lignin:
-Ethanol-water, benzene-water,
ethylene-glycol and butanol-
water extraction

-Swelling agents

Delignification

Decrease of cellulose crystallinity and
its degrees of polymerization

Partial or complete hydrolysis of
hemicelluloses

Biological
pretreatments

Actinomycetes
Fungi

Delignification

Reduction in degree of polymerization
of hemicellulose and cellulose

Xl
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1.3.Hydrolysis of lignocellulosic biomass

Hydrolysis of cellulose and hemicellulose can be carried out either chemically by e.g. diluted
sulfuric acid or enzymatically. Both methods exhibit several advantages and disadvantages.
Acid hydrolysis requires high temperature and low pH which results in corrosive conditions,
whereas, for enzymatic hydrolysis conversion can be performed under mild conditions. For
enzymatic hydrolysis it is possible to obtain yields of close to 100% cellulose hydrolysis,
while, it is rather difficult to achieve such high yields under acid conditions. Although in both
processes inhibitory compounds can be found, this is far less severe for enzymatic hydrolysis
[11-15, 18]. The biggest obstacles for an efficient utilization of enzymes for lignocellulosic
biomass hydrolysis are the time which is needed for the hydrolysis and the costs for the
enzymes. Therefore, to compete with grain derived ethanol, the enzymes used for

lignocellulosic biomass hydrolysis must become more efficient and less expensive.

Enzymatic hydrolysis is carried out to release the monosaccharides from cellulose and
hemicellulose and is mediated by glycoside hydrolases. Glycoside hydrolyses (GHs) are
extremely common enzymes predominantly produced by microorganisms such as bacteria,
archaea and fungi to utilize plant biomass. GHs harbor very broad as well as string substrate
specificities and are classified in EC 3.2.1 [11-15, 18]. Currently it consists of 130 families

that are arranged into 14 different clans (CAZy; http://www.cazy.org) based on their amino

acid sequence and three dimensional folds. Along with the catalytic GH domain, enzymes
involved in the hydrolysis of lignocellulosic biomass usually comprise also a carbohydrate-
binding module (CBM). CBMs are small domains that have a specific affinity towards
particular carbohydrate linkages and consequently are in charge to target the catalytic unit to

its intended substrate [15].

1.3.1. Cellulase

Enzymes involved in the hydrolysis of cellulose are broadly referred to as cellulases. Indeed,
three different kinds of cellulolytic enzyme activities have to be performed for its complete
and efficient conversion. This includes endoglucanases (1,4-B-D-glucan glucohydrolase; EC
3.2.1.4) and exoglucanases (1,4-B-D-glucan cellobiohydrolase; EC 3.2.1.91) that operate at
the liquid: solid interface and B-glucosidases (B-D-glucoside glucohydrolase; EC3.2.1.21) that

operate on the soluble degradation products of cellulose [15]. Endoglucanases randomly break
Xl
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down internal glycosidic linkages primarily in regions of low crystallinity. Hence, a rapid
decrease in polymer length and a continuous increase in the number of released reducing ends
can be observed. Exoglucanases attach to a free end of the cellulose chain and then creep
down the strands and concomitantly release cellobiose units as they progress. This can be
performed either from the reducing or non-reducing ends of the cellulose chains but not
within them. Therefore, the amount of reducing ends is rapidly increasing but this process has
almost no effect on the polymer length itself [15]. Cellobiose, the repeating structural element
of cellulose, is a disaccharide that consist of two [-1,4-linked glucose molecules. This
disaccharide can be further converted by [(-glucosidases to release glucose. -glucosidase
activity is mandatory for an efficient and complete hydrolysis of cellulose due to a possible
end-product inhibition of endo- and exoglucanases by cellobiose [11-15, 18]. Enzymes

involved in the hydrolysis of cellulose are visualized in Figure 3
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Figure 3: Enzymatic activities associated with cellulose deconstruction, adapted from [15].
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1.3.2. Hemicellulase

Enzymes involved in the hydrolysis of hemicellulose are broadly referred to as hemicellulase.
Since hemicellulose is far more complex than cellulose, a mixture of several enzymes has to
be provided for its modification [11-15, 18]. Following enzyme classes are employed endo-3-
1,4-xylanases (EC 3.2.1.8), xylan 1,4-B-xylosidases (EC 3.2.1.37), a-L-arabinofuranosidases
(EC 3.2.1.55), a-glucuronidases (EC 3.2.1.139), acetylxylan esterases (EC 3.1.1.72]), feruloyl
esterases (EC 3.1.1.73), mannan endo- 1,4-B-mannanases (EC 3.2.1.78), B-1,4-mannosidases
(EC 3.2.1.25), and arabinan endo-1,5-a-L-arabinosidases (EC 3.2.1.99). In principle, the
linear B-1,4 linked polysaccharide backbone, mainly xylan, is attacked by endo-B-1,4-
xylanases and B-D-xylosidases whereas branches are attacked by enzymes such as a-L-
arabinofuranosidases, o-glucuronidases, and esterases (see Figure 4). As a result six-carbon

sugars as well as five-carbon sugars can get released [15].

P Acetyl xylan esterase
| o-4-Me-GlcUA I ({CE1.2 3,4,5,
6, 7,12)
HOOC -
: By | " ) Xylanase
H,CO "‘-..'.\_,.-—JO a-Glucuronidase E o
k! HO-V’.‘\\ ! (GH 4. 67) I |(GH 5, 8, ?0. 11, 43) cH,
OH| o ¢ 0=
8] OH o]
R NI o A\ o N7 0"
- o - o T o
OH o=( OH = OH
CH; ' H / [ t-L-Arabinafuranosidase
: Fpere 3 (GH 3. 43,51, 54_62)
- O OH

OH

B-1.4-Xylooligosaccharides

Xylan 1, 4--Nylosidase
(GH 3, 30, 39, 43, 51,
52, 54)

o o l OH OH o OH -
A=\ A/ A A NN /A AL N\ A A
OH OH OH

[#-0- Xylopyranose

Figure 4: Enzymatic activities associated with xylan deconstruction. (A) Endoxylanases
cleave the backbone of xylan chains to release shorter xylo-oligosaccharides which are further
debranched by accessory enzymes. (B) b-Xylosidases release xylose monomers from the
nonreducing ends of debranched xylo-oligosaccharides, adapted from [15].
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1.4.Fermentation

During the fermentation process microorganism can convert the released monosaccharides to
bioethanol and many other value-added products. For this purpose different methods are
available that are influenced by several factors, such as reaction conditions, what kind of
microorganism, contamination risk, performed pretreatments, construction of the reactors, etc.
[19-21] Since fermentation is not on the scope of this thesis it will be just briefly summarized

in the following subchapters.

1.4.1. Separate Enzymatic Hydrolysis and Fermentation (SHF)

Separate units are employed for the hydrolysis of pretreated lignocelluloses to glucose and for
the subsequent fermentation to ethanol. The fermentation of hexoses and pentoses has to be
performed by different microorganism. Hence, different vessels have to be employed.
Advantageously, each step can be performed under its own optimal conditions. Usually, the
optimum for the enzymes in the hydrolysis step is somewhere between 45 and 50°C,
depending on the cellulase- producing microorganism. Unlike, the optimum for most of the
ethanol- producing microorganisms, here favored temperatures are between 30 and 37°C [19-
21]. The main drawback for SHF is the high inhibition possibility of cellulase activity by the
released sugars, cellobiose and glucose. Moreover, due to the dilute sugar solution, microbial
contamination risk is also a big problem in SHF. Since hydrolysis takes quite a long time, e.g.

one to four days the risk is even further increased [19-21].

1.4.2. Simultaneous Saccharification and Fermentation (SSF)

This process, referred to as SSF, combines the enzymatic hydrolysis of pretreated
lignocelluloses and the fermentation in one step, by employing lignocellulose modifying
enzymes and microorganism for the subsequent fermentation in the same vessel [19-21].
Since hydrolysis is usually the rate limiting step in SSF, produced glucose can be consumed
immediately by the fermenting microorganism present in the culture. Hence, the inhibition
effect of cellobiose and glucose to the enzymes is minimized by keeping a low concentration
of the sugars in the media. Moreover, there is less risk for a contamination in SSF processes

compared to SHF processes since the presence of ethanol reduces the chance of contamination
XVI
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[19-21]. Although the fermentation of pentoses has still to be performed in a different vessel,
lower capital costs are obtained for SSF due to a reduced number of vessels required for this
process compared to SHF. Nevertheless, a main drawback in this process is the different
optimum temperature for the hydrolyzing enzymes and the fermenting microorganism. As
already mentioned above, favored temperatures for enzymatic hydrolysis are between 45 and
50°C, whereas, preferred temperatures for the microorganism are between 30 and 37° [19-21].
The strategy for SSF processes is to have the optimum conditions for both processes as close

as possible by e.g. employing thermo-tolerant bacteria and yeasts.

1.4.3. Consolidated Bioprocessing (CBP)

Up to now, all of the considered processes employ a separate enzyme production unit or the
enzymes have to be provided externally. In consolidated Bioprocessing (CBP) just one vessel
is required in which ethanol along with all of the essential enzymes is produced by a single
microorganism’s community. Mono- or co-cultures of microorganism are employed with the
ability to ferment cellulose (and hemicellulose) to ethanol. Therefore, no additional costs arise
regarding the purchase of enzymes or its production. So far, there is no (native)
microorganism available which suits this application satisfyingly. Hence, strains are
genetically modified to increase bioethanol yield. Therefore, two strategies are common.
Either excellent ethanol producers are genetically engineered to become also efficient
cellulase producers or vice versa, excellent cellulase producers are engineered in such way

that they become also efficient ethanol producers [19-21].
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2. Expression of lignocellulolytic enzymes
2.1. Homologous protein expression

Lignocellulolytic enzymes can be produced by various fungi species such as ascomycetes
(e.g. Trichoderma reesei and Aspergillus niger), basidiomycetes (e.g. Phanerochaete
chrysosporium and Fomitopsis palustris) and a few anaerobic species (e.g. Orpinomyces sp.).
Additionally, there are also bacteria known which are capable to produce lignocellulolytic
enzymes, e.g. Clostridium thermocellum. Fungi mainly produce large amounts of extracellular
lignocellulolytic enzymes. Whereas anaerobic bacteria and a few anaerobic fungal strains
primarily produce cellulolytic enzymes in a complex called cellulosome, which is associated
with the cell wall. Besides hydrolytic enzymes the cellulosome also consist of non-catalytic

scaffolding proteins that are responsible for its structure [22-25].

Although fungi can produce large amounts of particular extracellular lignocellulolytic
enzymes, efficient biomass conversion usually cannot be performed due to missing enzymes.
For example 7. reesei, that excellently secretes cellobiohydrolase 1 and 2, and several
endoglucanases, only produces small amounts of [-glucosidases. Since [B-glucosidases is
mandatory for the degradation of cellobiose to glucose, cellobiose is accumulating and thus
inhibits further cellulose hydrolysis. Moreover, fungi systems offer also other drawbacks.
First of all, compared to other systems, fungi are quite complex and therefore more difficult to
handle. Second, strain or protein engineering is hampered due to insufficient tools or time
consuming screening methods. Last but not least, homologous proteins can be expressed in
large quantities however heterologously expression of interesting proteins might be not that
good. Also bacteria cannot be employed for an efficient lignocellulosic biomass conversion at
industrial scale so far, due to unique substrate requirements, low hydrolytic activities and/or

low protein concentrations. Therefore, alternative expression hosts are wanted [22-25].
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2.2. Heterologous protein expression in Pichia pastoris

The Yeast Pichia pastoris is a relatively simple, single-celled microorganism that is mostly
faster, cheaper and easier to handle compared to more complex expression systems like
mammalian and insect cell cultures. Nevertheless, many posttranslational modifications such
as glycosylation, disulfide bond formation and proteolytic processing can be still performed
because it is a eukaryotic [26]. Typically, lignocellulolytic enzymes require post-translational
modifications for correct folding, stability and activity; therefore, P. pastoris is an interesting
alternative to other more challenging fungal secretory expression systems. Moreover, on
account of strong promoters high levels of heterologous proteins have been successfully
expressed in Pichia. One of the most popular promoters is the strong and tightly regulated
methanol inducible promoter AOX1. However, the application of P(AOX1) comprises also
disadvantages. On the one hand, not every protein requires strong promoters. There is also the
possibility that a high transcript level of the desired gene caused by strong promoters leads to
an overload of the cellular post-translational machinery. Consequently, misfolded,
unprocessed, or mislocalized proteins are produced [27]. On the other hand, the application of
methanol at large scale is not favorable since its dangerous character, in terms of e.g.
explosion hazard and toxicity. Therefore, a library of promoter variants based on the wild-
type P(AOX1) was previously generated [28]. This library facilitates heterologous protein
expression because the promoters span a broad range of different activities and can be
regulated by available carbon sources, kind of similar to the P(AOXT1). Advantageously, this
library also contains promoters that need no methanol for induction, since they are active
under derepressed conditions.

At first, to prove Pichia’s capability for the production of high level and active
lignocellulolytic enzymes a high- throughput screening assay had to be established. Therefore,
a reducing sugar assay was adapted to micro-scale and compared to other commonly available
assays. We have demonstrated that our assay is a sensitive and reliable assay which is suitable
for the activity based detection of different kinds of (hemi-) cellulases. These results are
summarized in Chapter 1 of the thesis. In Chapter 2 we demonstrated the importance of
gene optimization and strain characterization for successfully improving (secreted) protein
levels. Codon-optimized genes together with particular promoters and verified numbers of
integrated expression cassettes allowed us to develop P. pastoris strains producing high levels

of lignocellulolytic enzymes. Moreover, our obtained specific enzymatic activities were
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compared to the same enzyme expressed in different hosts. We concluded that Pichia seems
to be a good choice for the heterologous expression of individual lignocellulolytic enzymes.

In Chapter 2 we already got an idea that differently optimized coding sequences can have a
huge effect on the amount of produced protein. To further evaluate the effect of synonymous
codon substitution we decided to test 57 differently optimized variants of the lignocellulolytic
enzyme TrCBH2. Additionally, we also wanted to test the influence of altering expression
conditions. Therefore, three different promoters were employed. The constitutive wild type
promoter P(GAP) was tested in presence of glucose, the derepressed synthetic promoter
P(DeS) in presence of sorbitol and the inducible synthetic promoter P(En) in presence of
methanol. Due to the sensitive and reliable high- throughput screening assay 171 putative
single copy landscapes were generated and compared. Thus, a model for the prediction of
heterologous protein expression in Pichia pastoris was established. Fed-batch bioreactor
cultivations were performed to verify some of these results also at large scale. By combining
synthetic genes and synthetic promoters we were able to generate Pichia strains capable of
producing 20 g/L of secreted TrCBH2 even without methanol but still quite tight regulated.

These results are summarized in Chapter 3.
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The exploitation of renewable resources for the production of biofuels relies on efficient process-
es for the enzymatic hydrolysis of lignocellulosic materials. The development of enzymes and
strains for these processes requires reliable and fast activity-based screening assays. Additionally,
these assays are also required to operate on the microscale and on the high-throughput level.
Herein, we report the development of a highly sensitive reducing-sugar assay in a 96-well mi-
croplate screening format. The assay is based on the formation of osazones from reducing sugars
and para-hydroxybenzoic acid hydrazide. By using this sensitive assay, the enzyme loads and con-
version times during lignocellulose hydrolysis can be reduced, thus allowing higher throughput.
The assay is about five times more sensitive than the widely applied dinitrosalicylic acid based as-
say and can reliably detect reducing sugars down to 10 M. The assay-specific variation over one
microplate was determined for three different lignocellulolytic enzymes and ranges from 2 to 8%.
Furthermore, the assay was combined with a microscale cultivation procedure for the activity-
based screening of Pichia pastoris strains expressing functional Thermomyces lanuginosus xylanase
A, Trichoderma reesei B-mannanase, or T. reesei cellobiohydrolase 2.
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1 Introduction

The development and the production of efficient
and cheap lignocellulolytic enzymes is one of the
key points for second-generation biofuel produc-
tion from renewable resources. Typical biotechno-
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nosus xylanase A; TrbMan, Trichoderma reesei -mannanase; TrCBH2,
Trichoderma reesei cellobiohydrolase 2
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logical methods for enzyme development, such as
directed evolution or strain engineering, usually
require large numbers of samples to be evaluated
by activity-based assays. Microassays are preferred
for this purpose because they facilitate rapid
screening of a large number of samples and sub-
stantially reduce reagent consumption. However,
the use of natural, recalcitrant, and often insoluble
lignocellulosic substrates imposes some distinct
problems on activity-based screening, particularly
on the microscale. The insolubility of these sub-
strates causes problems with substrate handling
and dosing. Moreover, enzymatic hydrolysis of nat-
ural cellulosic substrates can essentially only be
monitored by the detection of reducing sugars or by
enzyme-coupled assays [1]. Direct (physical) meth-
ods based on nephelometry, turbidimetry [2], and
viscosimetry [3] have been developed, however,
these methods rely on unnatural, physically modi-
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fied (amorphous) cellulosic substrates. Additional-
ly, their adaption to the microscale has not yet been
reported. More convenient alternatives to these
natural substrates are chemically modified deriva-
tives of cellulose, such as carboxymethyl cellulose,
covalently dyed cellulose (e.g., Cellulose Azure) [4],
soluble oligosaccharides [5], and soluble chro-
mogenic and/or fluorogenic small-molecule sub-
strates [6] (e.g., para-nitrophenyl and 4-methylum-
belliferyl glycosides). Heavily modified or small
substrates, however, are likely to introduce a bias in
enzyme engineering and should be applied
thoughtfully.

The International Union of Pure and Applied
Chemistry (IUPAC) recommends that cellulolytic
activities are measured in “filter paper units” (FPU)
[7]1.The FPU assay is based on the 3,5-dinitrosali-
cylic acid (DNS) method reported by Miller [8]. It is
defined exclusively for the release of glucose and
requires a dilution series of each enzyme solution
to be assayed so that exactly 2 mg of glucose is re-
leased during 60 min of substrate conversion. Clear
disadvantages of the FPU assay in high-through-
put applications are the difficult substrate handling
(e.g., paper strips) and the requirement for a dilu-
tion series for each enzyme, especially if large dif-
ferences in protein expression are observed within
a screening experiment. These characteristics ulti-
mately result in time-consuming measurements
and consequently reduce throughput. Moreover, al-
though the FPU [9] and DNS assays [10] have been
adapted to the microscale level, there are more
sensitive microscale assays available [11], includ-
ing the p-hydroxybenzoic acid hydrazide (pHBAH)
assay. More sensitive assays are especially useful
for the realization of short hydrolysis times at low
conversion levels with lignocellulosic substrates.
Other sensitive reducing-sugar assays, such as the
Nelson-Somogyi assay, have also been established
at the microscale. However, the throughput of the
described methods was limited by the substrate
conversion time (24 h) and the requirement for
partially purified enzymes [12] or, in a reported
screening of bacterial lysates, by the time-consum-
ing (2 h) substrate conversion and color develop-
ment [13]. A microscale modification of the ferri-
cyanide-based method (Park-Johnson assay) was
recently also reported, however, the authors again
report sensitivity to interfering compounds [14].
Generally, it can be assumed that, for fast and effi-
cient activity-based screening of lignocellulolytic
activities in crude samples, a certain trade-off be-
tween sensitivity and interference of the applied
assay has to be accepted.

Lignocellulose degradation is very heteroge-
neous and usually slows down at higher conversion
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rates, for reasons that are still not completely un-
derstood [15]. One explanation relates these effects
to a limited number of accessible enzyme binding
sites on the substrate [15, 16]. Also, product in-
hibitory effects, as observed in the case of cellobio-
hydrolases [17], are minimized when the overall
conversion (conversion time) of substrate is limit-
ed.

Herein, we present a sensitive and broadly ap-
plicable reducing-sugar assay in a 96-well mi-
croplate format. The assay is based on a previous-
ly described method described by Lever for de-
tecting reducing sugars [18] and is combined with
microscale cultivation of P. pastoris in deep-well
plates (DWPs) [19]. The reducing sugars chemical-
ly react with pHBAH to form strongly absorbing
osazones that can be photometrically detected.
Compared with the widely applied DNS assay de-
veloped by Miller [8], the pHBAH assay is much
more sensitive and less toxic. In the established
procedure, 20 ul of cultivation supernatant from
microcultures of secreting yeast strains are used
for substrate conversions in a total assay volume of
170 uL. Due to the small amount of enzyme in the
assay, only a limited number of the available en-
zyme binding sites on the substrate are occupied
by enzymes. The pHBAH assay shows high sensi-
tivity and only short substrate conversion times
can be realized. Additionally, the assay is easily
tuned to fit different detection ranges by changing
the incubation temperature during osazone for-
mation.

In combination with the well-established high-
throughput microscale cultivation of P. pastoris in
DWP [19], we have developed an activity-based
high-throughput screening method for (hemi-)cel-
lulase-expressing P pastoris strains. To demon-
strate the value of this assay for fast and reliable
expression screening, we have applied it to Ther-
momyces lanuginosus xylanase A (TIXynA), Tricho-
derma reesei f-mannanase (TrbMan), and Tricho-
derma reesei cellobiohydrolase 2 (TrCBH2) ex-
pressing strains of P. pastoris. We were able to show
that the complete assay procedure offers a sensi-
tive, quantitative, and rapid screening method for
(hemi-)cellulases in P, pastoris on a functional and
high-throughput level.

2 Materials and methods
2.1 Materials
All disposable plastic materials and self-adhesive

aluminum foil for sealing the 96-well microtiter
and PCR plates were from Greiner bio-one (Frick-
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enhausen, Germany). Semi-skirted 96-well PCR
plates were from VWR (Vienna, Austria).

2.2 Solutions and reagents

All reagents were obtained from Carl Roth GmbH
(Karlsruhe, Germany) unless otherwise stated. 3,5-
Dinitrosalicylic acid (order no. D0550) was from
Sigma. Avicel PH-101 (order no. 11365) and pH-
BAH (order no. 54600) were obtained from Fluka.
D-(+)-mannose and D-(+)-cellobiose were from
Fluka, p-(+)-xylose was from Sigma, and D-(+)-glu-
cose monohydrate was from Carl Roth (Karlsruhe,
Germany). BSA was from Thermo Scientific’s
bicinchoninic acid (BCA) protein assay kit (order
no. 23225), Thermomyces lanuginosus cellobiohy-
drolase I (CBHI) was from Megazyme (Bray, Co.
Wicklow, Ireland). For the BCA assay Thermo Sci-
entific’s BCA protein assay kit (order no. 23225) was
used.

2.3 Construction of P. pastoris strains

The coding sequences of TIXynA (UniProtKB/
Swiss-Prot: 043097), TrbMan (UniProtKB/TrEMBL:
Q99036), and TrCBH2 (UniProtKB/Swiss-Prot:
P07987) were codon-optimized for P. pastoris ex-
pression by applying the Gene Designer software
(DNAZ2.0, Menlo Park, CA, USA). Synthetic genes
were cloned into the multiple cloning site of the E.
coli/P. pastoris shuttle vector pPpB1 [20] through
EcoRI/Notl restriction sites. TrbMan and TIXynA
were cloned downstream of the glyceraldehyde-3-
phosphate dehydrogenase (GAP) and TrCBH2
downstream of the alcohol oxidase 1 (AOX1) pro-
moters. Electro-competent P pastoris CBS 7435
MutS cells were prepared and transformed accord-
ing to ref. [21]. 1 to 3 ug of the Bglll-linearized
pPpB1 vector construct were used for each trans-
formation. Transformants were plated on YPD-
zeocin (100 ug/mL zeocin) agar plates and grown at
30°C for 72 h.

2.4 Microscale cultivation of P. pastoris

P, pastoris strains expressing TIXynA, TrbMan, and
TrCBH2 were cultivated on the microscale in
DWPs [19]. DWPs containing appropriate media
were inoculated with fresh transformants from
agar plates with sterile toothpicks and were then
cultivated in shakers (INFORS Multitron, Bottmin-
gen, Switzerland) at 28°C, 320 rpm, and 80% relative
humidity. The conditions for AOX1- and GAP-pro-
motor-driven expression were the same as those
described previously [22].

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.5 Reducing-sugar assays

A stock solution of 5% w/v pHBAH in 0.5% v/v HCl
was prepared as described by Lever [18]. Insoluble
matter was removed by filtering through an 8 um
syringe filter. The working solution was prepared
freshly for each measurement (max. 24 h storage at
4°C) by diluting the stock with 0.5 M NaOH 1:4 v/v.
The reagent solution for the DNS assay was pre-
pared as described by Miller [8]. Solutions for the
BCA assay were prepared as described in the man-
ual of the BCA protein assay kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Standard dilu-
tions of the reducing sugars were prepared in
50 mM sodium acetate buffer at pH 4.8.

For the lignocellulosic substrate conversion,
150 uL of appropriate substrate (stirred suspension
of 1% Avicel; solutions of 0.5% xylan or 0.2% locust
bean gum) in 50 mM citrate buffer (pH 4.8) were
transferred to a 96-well plate. 20 uL of the enzyme
sample (culture supernatant) was added to each
well. The plates were sealed with adhesive alu-
minum foil and were incubated at 50°C for 30 min
and 300 rpm (unless otherwise stated) followed by
substrate pelletizing at 4000 g for 5 min at 4°C. For
the subsequent reducing-sugar assay, 50 uL of the
substrate conversion reaction (or, in the case of the
standard sugars, appropriate dilutions of the re-
ducing sugar) were pipetted into 150 uL of the pH-
BAH working solution in a 96-well PCR plate. After
sealing with adhesive aluminum foil, the PCR
plates were incubated for 5 min at 95°C and then
cooled to 4°C in an Applied Biosystems 2720 ther-
mocycler. 150 uL of the assay samples were trans-
ferred to a new polystyrol microplate and the ab-
sorption was read at 410 (pHBAH assay), 540 (DNS
assay), and 562 nm (BCA assay) in a SPECTRA
MAX Plus384 plate reader (Molecular Devices
Corp., Sunnyvale, CA, USA). All 96-well pipetting
steps were done using a Quadra Tower (Tomtec,
Hamden, CT, USA) 96-tip pipetting robot.

2.6 Determination of the assay-specific variation

For these experiments, sterile-filtered, shake-flask
culture supernatants of P. pastoris strains with
GAP-promotor-regulated expression of TIXynA
and TrbMan were used (250 mL baffled shake
flasks containing 50 mL buffered minimal medium
(BMD) [19] with 5% glucose, 60 h at 28°C, 150 rpm).
TrCBH2 was a rehydrated lyophilisate of a P. pas-
toris fermentation supernatant. The substrate solu-
tions were 0.5% xylan (TIXynA ), 0.2% locust bean
gum (TrbMan), and 1% Avicel (TrCBH2) in 50 mM
citrate buffer (pH 4.8). The pHBAH assay pro-
cedure was the same as described before (see sec-
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tion 2.5 Reducing-sugar assays) except that sub-
strate conversion was 5, 10, and 30 min for TIXynA,
TrbMan, and TrCBH2, respectively. Different con-
version times were chosen to compensate for the
different hydrolysis rates of the tested enzymes
and to avoid absorbance readings in the nonlinear
range.

2.7 Data evaluation

Linear standard curves were obtained for each as-
say by linear least-squares fitting. The slopes of
these linear standard curves of different reducing
sugars were used as “response” parameters to com-
pare the sensitivity of the assays. The lower linear
detection-range limits for each assay were deter-
mined from the mean of the buffer blank plus three
times the standard deviation of the blank plus three
times the standard deviation of a low concentration
sample. The upper limits were defined as the con-
centration value corresponding to a maximum ab-
sorption value of 2.5 (i.e., this value represents a
parameter specific for the plate reader).

2.8 Statistics

Standard errors were determined from =2 individ-
ual experiments of 4 technical repeats unless oth-
erwise stated. The optimal assay conditions for the
pHBAH assay were selected by a multifactorial ex-
perimental setup using D-(+)-glucose standard
dilutions at three concentration levels (low:
0.015 mg/mL, middle: 0.125 mg/mL, high: 0.4 mg/
mL) and applying variations in incubation time
(1, 5, and 10 min at 95°C) and strength and sort of
incubation buffer (25, 50, and 100 mM sodium cit-
rate or sodium acetate buffer at pH 4.8). The pa-
rameters were tested for significant contributions
to the final absorption values by using a one-way
analysis of variance (ANOVA) with a sample num-
ber of 4 and p=0.05. The coefficient of variation
(CV) was calculated from the percent ratio of stan-
dard deviation and mean of a measurement.

3 Results and discussion

Fast and reliable activity-based screening for the
functional expression of lignocellulolytic enzymes
in high-throughput systems is required for strain
selection, directed evolution, and the engineering
of protein expression and secretion. Ideally, reli-
able microassays that serve this purpose also cope
with crude samples (culture supernatants) and are
able to detect small differences in enzymatic activ-
ities. The adapted pHBAH assay presented herein
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can be used to screen for (hemi-) cellulolytic activ-
ity of heterologous enzymes produced by P. pastoris
strains in cultures of a few hundred microliters. In
a single step, 96 strains can be screened in parallel
and the short assay time allows screening of hun-
dreds to thousands of strains per day:.

Compared with other assay procedures, the in-
homogeneity of heat distribution and inefficient
heat transfer during reducing-sugar detection are
eliminated in the present assay by using a PCR
thermocycler as a heating device. Additionally, er-
rors derived from liquid handling are overcome by
using a liquid-handling system capable of per-
forming simultaneous 96-well pipetting steps. This
is especially important when insoluble particulate
substrates are used because it is extremely difficult
to avoid substrate carryover during manual pipet-
ting. To evaluate and benchmark the pHBAH assay,
we compared this assay with the BCA and DNS re-
ducing-sugar assays. To identify the best pHBAH
assay conditions, a multifactorial assay setup com-
bined with one-way ANOVA tests was used. Ac-
cording to the data, incubation for 5 min at 95°C is
enough to achieve full signal development. The as-
say-specific background reaction level for acetate
and citrate buffer (pH 4.8) is negligible (<0.1 ab-
sorbance units) for the pHBAH and DNS assays for
buffer concentrations from 0 to 150 mM. In con-
trast, the BCA assay showed absolute background
absorption in the range of 0.15 + 0.02 and 0.23 +
0.01 absorbance units for citrate and acetate buffer,
respectively.

The linear detection ranges of the three assays
were compared based on a standard dilution series
of reducing sugars. Table 1 and Fig. 1 show that only
pHBAH and BCA are capable of reliably detecting
different reducing sugars below a concentration of
1 mM. Regarding sensitivity (compare Fig.1 D and
Table 1) the BCA and pHBAH assays show an ap-
prox. 13- and 5-fold increase of sensitivity relative
to the DNS assay (averaged over the four sugars
tested). The variability of the pHBAH assay in
terms of linear detection range and response
changes was investigated by using n-(+)-glucose as
the reducing sugar. According to Table 1, the sensi-
tivity of the pHBAH assay is reduced 2- and 10-fold
when the incubation temperature is lowered to 80
and 70°C, respectively. As exemplified for the de-
tection of D-(+)-glucose, the concomitant extension
of the linear detection range (Table 1) enables di-
rect measurement of glucose concentrations rang-
ing from 0.01 (lower limit of linear detection range)
to 10.76 mM (upper limit of linear detection range)
of D-(+)-glucose, thus adding additional flexibility
to the pHBAH assay. In summary, the range of de-
tection for the pHBAH assay can be adapted as re-
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cate + standard deviation.

quired by a simple change of the incubation tem-
perature during osazone formation.

The protein-specific background reaction of the
reducing-sugar assays was investigated by using
dilution series of 0 to 2 mg/ml solutions of BSA and
Thermomyces lanuginosus CBH1, which represent-
ed examples of non-glycosylated and glycosylated
proteins, respectively. The BCA assay showed a lin-
ear increase in the background signal with increas-
ing protein concentration, whereas the pHBAH
and DNS assays produced only a constant, low
background of approximately 0.15 absorbance
units over the investigated concentration range.
Therefore, although the BCA assay has been de-
scribed as a sensitive assay for the determination of
reducing sugars [11, 23], it may not be suitable for
assaying protein-rich samples (e.g., culture super-
natants or lysates) due to its high cross-reactivity
with proteins. Further descriptions of cross-reac-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion of similar highly sensitive redox assays, such
as the Nelson-Somogyi or the Park-Johnson as-
says, with buffer components or proteins have been
reported by Zhang et al. [24] and by Moretti and
Thorson [11]. Unlike the BCA assay, the pHBAH as-
say is only sensitive to very high protein concen-
trations [18]. In fact, it has been used to determine
glucose levels in blood serum [25]. Therefore, se-
lective quantification of reducing sugars in culture
supernatants containing proteins is more reliably
done with the pHBAH assay than with metal-ion-
based redox assays.

The pHBAH assay performance (including sub-
strate conversion and reducing-sugar detection)
was tested with culture supernatants from flask
cultures (TIXynA, TrbMan) or with a rehydrated
lyophilisate of a concentrated fermentation super-
natant (TrCBH2). To test the assay variability, the
enzyme samples were uniformly distributed over
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Table 1. Comparison of characteristic assay parameters
Incubation temperature (°C)
95°C 80°C 70°C
Assay min max min max min max
Linear detection range (mM)? BCA 0.04b) 0.52)
q) <)
0.04 0.57 nd. nd. nd. nd.
0.06% 0.66%
0.05¢ 0.37¢9
pHBAH 0.01% 1.40°) 0.12% 2.45% 0.57% 10.76°
0.019 1.459
0.059) 2.219
0.03¢ 1.18¢9)
DNS 1.04b) 8.789
1.159 8.779
1139 9 559) n.d. n.d. n.d. n.d.
0.78° 5.94¢)
Nelson-Somogyil 0.55 8.33b)
Response (ABS/mM)” pHBAH 2.02+0.08 0.97 +0.02 0.22 +0.01
Relative responses®) BCA 13.44 £ 0.50
pHBAH 4.77 £0.15
DNS 1.00 + 0.02

a) Linear detection ranges were determined from linear standard curves by using 50 UL standard dilutions of the respective reducing sugar and a reaction time of

5 min at the indicated temperature.
b) Reducing sugar: p-(+)-glucose.
c) Reducing sugar: b-(+)-mannose.
d) Reducing sugar: p-(+)-xylose.
e) Reducing sugar: p-(+)-cellobiose.

f) Responses determined for p-(+)-glucose at the indicated temperatures, ABS: absorbance.
g) Determined at 95°C, normalized to the response of the DNS assay and averaged for each of the reducing sugars; errors correspond to standard deviation.
h) Calculated linear range of the standard curve from the original publication (molecular weight glucose: 180.16) [12].

n.d.: not determined.

one microplate. Based on the detected reducing-
sugar levels, the pHBAH assay showed only a small
variation over a complete microplate (Fig. 2 A and
B). For all three enzymes tested, the middle 50% of
all (mean-normalized) data points determined for
one microplate were within + 5% of the plate mean
(Fig. 2 A). The assay-specific CV values were 2.30,
3.80, and 7.95% for TrCBH2, TiXynA, and TrbMan,
respectively.

To further verify the applicability of the
pHBAH assay, we generated example activity land-
scapes by screening microscale DWP cultures of P,
pastoris strains producing TIXynA, TrbMan, and
TrCBH2 (Fig. 2 C and D). For this purpose, we
transformed P. pastoris CBS 7435 MutS with ex-
pression constructs containing the constitutive
GAP promoter (TIXynA, TrbMan) and the
methanol-inducible AOX1 promoter (TrCBH2).
The activity landscapes from these transformants
were determined directly from the harvested DWP
culture supernatants. This way we were also able
to show the applicability of the assay for different
expression conditions. By using the mean and the

160

standard deviation of each landscape, CV values of
23.57, 32.81, and 20.42% were determined for
TrCBH2, TIXynA, and TrbMan, respectively. These
values are approx 10-fold higher for TrCBH2 than
the assay specific variation (compare Fig. 2 B and
C). A similar value can be observed for TIXynA
(approx. 9-fold), whereas a lower value of 3-fold is
observed for TrbMan. Thus, the pHBAH assay
proved to be a very reliable reducing-sugar
screening assay, which generates activity land-
scapes that are statistically robust towards assay-
specific variations. As a result, the total variation in
the activity landscapes of the transformants can be
attributed mostly to growth- or expression-related
variations or to differences in gene copy number.
However, these activity variations are only partly
host-related and are also specific for the expressed
enzyme. Due to the high sensitivity of the pHBAH
assay, weakly expressing strains, which typically
comprise strains containing single copies of the
expression cassettes, can also be screened and
subjected to engineering for improved perform-
ance. Also, only single-copy clones allow discrimi-
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Figure 2. Plate variability of the established microscale pHBAH screening assay for three different expressed enzymes represented as (A) box plots of
plate-mean normalized data and (B) ranked mean data of three independent measurements (error bars represent + standard deviation). The shaded region
n (A) indicates the + 5% region. Data were corrected for negative controls (P. pastoris CBS 7435 Mut® transformed with empty vector). Total protein con-
centrations are (69 + 2), (177 + 4), and (60 + 1) ug/mL for TrbMan, TrCBH2, and TIXynA, respectively. The activity landscapes of 88 individual P. pastoris
transformants expressing TrbMan and TrCBH2 (C) and TIXynA (D) are shown, as determined with the pHBAH assay. The activity levels of the vector con-

trol strains are indicated by a horizontal line.

nation between effects from mutations versus
multi-copy integration in the case of screenings for
improved activity. Based on the pHBAH assay’s
adaptability of the linear detection range (Table 1),
this assay can be used throughout a complete en-
gineering experiment in which the absolute activ-
ities of strains or enzyme variants usually increase
considerably.

4 Concluding remarks

The pHBAH assay is a sensitive reducing-sugar as-
say that is suitable for implementation in high-
throughput protein-expression screening on the
microscale. Its functionality was demonstrated by
the activity-based high-throughput expression
analysis of P, pastoris strains producing (hemi-)cel-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lulases in DWP microscale cultures. Ideally, the
combination of the pHBAH assay with microscale
cultivation facilitates parallel screening of 96
clones in one single experiment.

Compared with bioreactor cultivations, lower
protein concentrations are observed in P. pastoris
DWP culture supernatants. Thus, the use of small
volumes of culture supernatant in combination
with the sensitive pHBAH assay allows conversion
of lignocellulosic substrates at low enzyme loads
and short conversion times; this ultimately allows
higher throughput. Furthermore, we have shown,
in principle, that the sensitivity of the pHBAH as-
say can be reduced by lowering the incubation tem-
perature during osazone formation. This adaptabil -
ity fits the requirements of the higher detection
range associated with the selection of improved
strains or enzyme variants.
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The clear advantages of the presented high-
throughput pHBAH microassay over other sensi-
tive assays are its sensitivity combined with its suit-
ability for assaying crude-culture supernatants.
Therefore, this simple and reliable assay can be
universally applied in strain engineering and di-
rected evolution for the activity-based screening of
enzymes that degrade natural sugar polymers.

This study was performed within the COMET K-Pro-
ject MacroFun (FFG project number 815076). We ac-
knowledge the FFG, the SFG, and the Province of
Styria, Austria, for financial support.

The authors have declared no conflict of interest.

5 References

[1] Bethke, P.C., Busse, J. C., Validation of a simple, colorimetric,
microplate assay using Amplex red for the determination of
glucose and sucrose in potato tubers and other vegetables.
Am. J. Potato Res. 2008, 85, 414-421.

[2] Nummi, M., Fox, P. C., Niku-Paavola, M. L., Enari, T. M.,
Nephelometric and turbidometric assays of cellulase activ-
ity. Anal. Biochem. 1981, 116, 133-136.

[3] Pala, H., Mota, M., Gama, F. M., Enzymatic depolymerisation
of cellulose. Carbohydr. Polym. 2007, 68, 101-108.

[4] Lai, T. E., Pullammanappallil, P. C., Clarke, W. P, Quantifica-
tion of cellulase activity using cellulose-azure. Talanta 2006,
69, 68-72.

[5] Nidetzky, B., Zachariae, W., Gercken, G., Hayn, M. et al., Hy-
drolysis of cellooligosaccharides by Trichoderma reesei cel-
lobiohydrolases: Experimental data and kinetic modeling.
Enzyme Microb. Technol. 1994, 16, 43-52.

[6] Van Tilbeurgh, H., Claeyssens, M., de Bruyne, C. K., The use
of 4-methylumbelliferyl and other chromophoric glycosides
in the study of cellulolytic enzymes. FEBS Lett. 1982, 149,
152-156.

[7] Ghose, T. K., Measurement of cellulase activities. Pure Appl.
Chem. 1987, 59, 257-268.

[8] Miller, G. L., Use of dinitrosalicylic acid reagent for deter-
mination of reducing sugar. Anal. Chem. 1959, 31, 426-428.

[9] Xiao, Z., Storms, R., Tsang, A., Microplate-based filter paper
assay to measure total cellulase activity. Biotechnol. Bioeng.
2004, 88, 832-837.

[10] King, B. C., Donnelly, M. K., Bergstrom, G. C., Walker, L. P. et
al., An optimized microplate assay system for quantitative
evaluation of plant cell wall-degrading enzyme activity of

162

Chapter 1

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Biotechnol. J. 2012, 7, 155-162

fungal culture extracts. Biotechnol. Bioeng. 2009, 102,
1033-1044.

Moretti, R., Thorson, J. S., A comparison of sugar indicators
enables a universal high-throughput sugar-1-phosphate
nucleotidyltransferase assay. Anal. Biochem. 2008, 377,
251-258.

Green IIT, F, Clausen, C. A., Highley, T. L., Adaptation of the
Nelson-Somogyi reducing-sugar assay to a microassay us-
ing microtiter plates. Anal. Biochem. 1989, 182, 197-199.
Leemhuis, H., Euverink, G. J. W., Dijkhuizen, L., High-
throughput screening for gene libraries expressing carbo-
hydrate hydrolase activity. Biotechnol. Lett. 2003, 25,
1643-1645.

Rigouin, C., Ladrat, C. D., Sinquin, C., Colliec-Jouault, S. et
al., Assessment of biochemical methods to detect enzymat-
ic depolymerization of polysaccharides. Carbohydr. Polym.
2009, 76, 279-284.

Bansal, P, Hall, M, Realff, M. ]., Lee, ]. H. et al., Modeling cel-
lulase kinetics on lignocellulosic substrates. Biotechnol. Adv.
2009, 27, 833-848.

Kongruang, S., Han, M. ], Breton, C. I. G.,, Penner, M. H.,
Quantitative analysis of cellulose-reducing ends. Appl
Biochem. Biotechnol. 2004, 113, 213-231.

Gruno, M., Véljamde, P, Pettersson, G., Johansson, G., Inhi-
bition of the Trichoderma reesei cellulases by cellobiose is
strongly dependent on the nature of the substrate. Biotech-
nol. Bioeng. 2004, 86, 503-511.

Lever, M., A new reaction for colorimetric determination of
carbohydrates. Anal. Biochem. 1972, 47, 273-279.

Weis, R., Luiten, R., Skranc, W., Schwab, H. et al., Reliable
high-throughput screening with Pichia pastoris by limiting
yeast cell death phenomena. FEMS Yeast Res. 2004, 5,
179-189.

Abad, S., Nahalka, J., Bergler, G., Arnold, S. A. et al., Stepwise
engineering of a Pichia pastoris D-amino acid oxidase
whole cell catalyst. Microb. Cell Fact. 2010, 9, 24.
Lin-Cereghino, J., Wong, W. W, Xiong, S., Giang, W. et al.,
Condensed protocol for competent cell preparation and
transformation of the methylotrophic yeast Pichia pastoris.
Biotechniques 2005, 38, 44-48.

Pscheidt, B, Liu, Z., Gaisberger, R., Avi, M. et al., Efficient
biocatalytic synthesis of (R)-pantolactone. Adv. Synth. Catal.
2008, 350, 1943-1948.

Waffenschmidt, S., Jaenicke, L., Assay of reducing sugars in
the nanomole range with 2,2’-bicinchoninate. Anal
Biochem. 1987, 165, 337-340.

Zhang,Y. H. P, Himmel, M. E., Mielenz, J. R., Outlook for cel-
lulase improvement: Screening and selection strategies.
Biotechnol. Adv. 2006, 24, 452-481.

Fingerhut, B., Automated method for serum glucose with p-
hydroxybenzoic acid hydrazide. Clin. Chem. 1973, 19,
1022-1026.

© 2017 YACHU TS Er POt for Gitatitinheim
9



Chapter 2

CHAPTER 2

Expression of lignocellulolytic enzymes in
Pichia pastoris

Andrea Mellitzer+
Email: andrea.mellitzer@tugraz.at

Roland Weiss

Email: roland.weis@vtu.com

Anton Glieder2
Email: anton.glieder@acib.at

Karlheinz Flickerz-

=~ Corresponding author
Email: karlheinz.flicker@tugraz.at

1 Institute of Molecular Biotechnology, Graz University of Technology, Graz, Austria
2 ACIB GmbH, Austrian Centre of Industrial Biotechnology, Graz, Austria
3 VTU Technology GmbH, Grambach, Austria

Microbial Cell Factories 2012, 11:61 doi:10.1186/1475-2859-11-61

10



Chapter 2

Microbial Cell Factories

( BioMed Central

The Open Access Publisher

This Provisional PDF corresponds to the article as it appeared upon acceptance. Fully formatted
PDF and full text (HTML) versions will be made available soon.

Expression of lignocellulolytic enzymes in Pichia pastoris
Microbial Cell Factories 2012, 11:61  doi:10.1186/1475-2859-11-61
Andrea Mellitzer (andrea.mellitzer@tugraz.at)

Roland Weis (roland.weis@vtu.com)

Anton Glieder (anton.glieder@acib.at)
Karlheinz Flicker (karlheinz.flicker@acib.at)

ISSN 1475-2859
Article type Research
Submission date 9 November 2011
Acceptance date 14 May 2012
Publication date 14 May 2012

Article URL hiip://www.microbialcellfactories.com/content/11/1/61

This peer-reviewed article was published immediately upon acceptance. It can be downloaded,
printed and distributed freely for any purposes (see copyright notice below).

Articles in Microbial Cell Factories are listed in PubMed and archived at PubMed Central.

For information about publishing your research in Microbial Cell Factories or any BioMed Central
journal, go to

http://www.microbialcellfactories.com/authors/instructions/

For information about other BioMed Central publications go to

http://www.biomedcentral.com/

© 2012 Mellitzer et al. ; licensee BioMed Central Ltd.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

page number not for citation
11


mailto:andrea.mellitzer@tugraz.at
mailto:roland.weis@vtu.com
mailto:anton.glieder@acib.at
mailto:karlheinz.flicker@acib.at
http://www.microbialcellfactories.com/content/11/1/61
http://www.microbialcellfactories.com/authors/instructions/
http://www.biomedcentral.com/
http://creativecommons.org/licenses/by/2.0

Chapter 2

Expression of lignocellulolytic enzymes in Pichia
pastoris

Andrea Mellitzer'
Email: andrea.mellitzer @tugraz.at

Roland Weis®
Email: roland.weis @ vtu.com

Anton Glieder”
Email: anton.glieder @acib.at

Karlheinz Flicker”
* Corresponding author

Email: karlheinz.flicker @tugraz.at

! Institute of Molecular Biotechnology, Graz University of Technology, Graz,
Austria

> ACIB GmbH, Austrian Centre of Industrial Biotechnology, Graz, Austria

*VTU Technology GmbH, Grambach, Austria

Abstract

Background

Sustainable utilization of plant biomass as renewable source for fuels and chemical building
blocks requires a complex mixture of diverse enzymes, including hydrolases which comprise
the largest class of lignocellulolytic enzymes. These enzymes need to be available in large
amounts at a low price to allow sustainable and economic biotechnological processes.

Over the past years Pichia pastoris has become an attractive host for the cost-efficient
production and engineering of heterologous (eukaryotic) proteins due to several advantages.

Results

In this paper codon optimized genes and synthetic alcohol oxidase 1 promoter variants were
used to generate Pichia pastoris strains which individually expressed cellobiohydrolase 1,
cellobiohydrolase 2 and beta-mannanase from Trichoderma reesei and xylanase A from
Thermomyces lanuginosus. For three of these enzymes even gram quantities of enzyme per
liter were obtained by fed-batch cultivation. Additionally, we compared our achieved yields
of secreted enzymes and the corresponding activities to literature data.
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Conclusion

In our experiments we could clearly see the importance of gene optimization and strain
characterization for successfully improving secretion levels. We also give a basic guideline
for understanding the interplay of promoter strength and gene dosage for a successful
improvement of the secretory production of lignocellulolytic enzymes in Pichia pastoris.

Keywords

Xylanase, Mannanase, Cellobiohydrolase, Synthetic gene, Synthetic promoter, Quantitative
real time PCR, Pichia Pastoris, Fermentation, Strain development

Background

Although Pichia pastoris is a relatively simple eukaryotic organism it can perform many
posttranslational modifications such as glycosylation, disulfide bond formation, and
proteolytic processing [1]. Therefore, Pichia serves as an interesting alternative to other
(more difficult to handle) fungal secretory expression systems that are used to produce
lignocellulolytic enzymes and other eukaryotic proteins which typically require post-
translational modifications for correct folding, stability and activity. The recalcitrant and
complex nature of lignocellulosics [2] affords the application of complex enzyme mixtures
for efficient hydrolysis of these renewable sources. Consequently, for a sustainable
production of fuels, chemical building blocks, and functional macromolecules from plant
biomass a multitude of different enzymes is needed. To produce all these enzymes and
variants thereof, production strains which can be handled and engineered in a simple way
need to be generated. Therefore, being a well- described and widely applied expression host
[3] P. pastoris was the first choice for the heterologous expression of the selected target
proteins. Furthermore, in contrast to many other eukaryotic expression systems P. pastoris
secretes no endogenous lignocellulolytic enzymes in significant amounts [4]. Therefore,
recombinant Pichia strains can provide almost pure heterologous enzyme preparations
without the need of extensive and costly downstream processing. In addition, simple media
requirements and relative easy handling in bioreactors enable inexpensive large-scale
cultivations of Pichia [5]. All these characteristic features of Pichia contribute to its high
potential for cost reduction during the production of lignocellulolytic enzymes, particularly
for application studies when only low- and medium-scale enzyme productions are required.

However, even though Pichia pastoris is a good host for the expression of heterologous
proteins [3] there is still room for improvements on transcriptional [6,7] and (post-)
translational level [8,9]. In this work we exemplify the impact of gene optimization on the
overall expression level of lignocellulolytic enzymes in Pichia pastoris. Most genomes are
heterogeneous in codon usage [10] and, accordingly, the codon bias of small subsets of genes
may differ clearly from the average codon usage of the genome. To optimize protein coding
sequences for enhanced protein expression in Pichia pastoris we use an in-house developed
biased codon usage table [11]. This codon usage is biased towards the codons of selected,
highly expressed [12,13] endogenous and heterologous genes when the AOX1 promoter and
methanol were used for induction in Pichia pastoris. In addition to gene optimization,
enzyme expression can be influenced on a transcriptional level by varying copy numbers of
the integrated expression cassettes and by the choice of the promoter. So far the wildtype
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AOX1 promoter (P(AOX1)) and, to a certain extent, the GAP promoter (P(GAP)) were
mostly used for heterologous protein production in Pichia pastoris [3]. However, since the
P(GAP) is strong and constitutive it is not a good choice for production of physiologically
problematic or cytotoxic proteins [14]. In contrast, the P(AOX1) is even stronger but also
tightly regulated. Nonetheless, for some heterologous proteins the high transcript level
generated by P(AOX1) can overload the cellular post-translational machinery, resulting in
misfolded, unprocessed, or mislocalized proteins that can trigger a complex cellular response
known as the unfolded protein response [15,16]. To overcome these disadvantages of the
wild-type GAP and AOX1 promoter a library of promoters based on the wild-type P(AOX1)
was previously generated [6]. The distinct properties of these novel promoters regulate the
transcript level of target mRNA in response to the available carbon source level and type and
concomitantly achieve a fine-tuned protein expression in Pichia pastoris.

The aim of the present study was to show the functional expression of lignocellulolytic
enzymes in Pichia pastoris at high quantities and investigating the effect of gene
optimization and of alternate promoters on the expression level of these enzymes. Our
expression studies highlight basic principles for designing suitable expression constructs and
for successful strain development for different cellulolytic enzymes. For this study
Trichoderma reesei cellobiohydrolase 1 and 2 (TrCBH1 and 7rCBH2) and beta-mannanase
(TrbMan), and Thermomyces lanuginosus xylanase A (T/XynA) were chosen as target
enzymes.

Results and discussion

The goal of this study was to evaluate the potential of Pichia pastoris to express
lignocellulolytic enzymes. In particular, we improved the expression of selected (hemi-)
cellulases by codon optimization of the target genes, investigated the effect of promoter
choice, and characterized the performance of selected producer strains in small-scale
bioreactors. This characterization also included the effects of multi-copy integration on the
productivity for the selected target enzymes.

To investigate the effect of different methods for codon optimization three different gene
variants of Trichoderma reesei cellobiohydrolase 2 (TrCBH2) were employed; the native
gene variant (7rCBH2-wt), a gene variant with optimized codon pairs by a commercial
supplier (TrCBH2-CP) and an in-house-optimized variant (TrCBH2-HM). For the in-house
design a codon usage table [17] derived from genes which are highly expressed in Pichia
pastoris in methanol containing media was used.

The effects of gene optimization and promoter type were characterized by comparing activity
landscapes of different strains (Figure 1). For this purpose P. pastoris strains were cultivated
in 96 deep-well plates according to [18] and subsequently screened for lignocellulolytic
activities using a reducing sugar assay that was recently adapted to high-throughput [19].
Owing to the low standard deviation of this assay, the detected changes in the activity
landscapes mainly reflect actual changes in the expression level [19]. These differences can
either be due to the number of integrated expression cassettes or caused by specific effects of
the individual gene variants. Figure 1 shows enzyme activity landscapes of 7TrCBH2-wt and
the two differently optimized 7rCBH2 gene variants which have all been separately
incorporated into the same expression vector and host. Stable integration of expression
cassettes into the Pichia pastoris genome is generally based on homologous recombination
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but can also be an effect of non-homologous end-joining (NHEJ). Depending on the length,
type and structure of the homologous flanking regions, untargeted (random) genome
integration mediated by NHEJ becomes prevalent over locus-specific targeting (own
observation for our vector system). Therefore, expression levels may be influenced not only
by the number of integrated gene copies [20] but also by the integration locus which
influences the transcript levels of the integrated genes. Our results demonstrate a clear effect
of gene optimization on expression level. This is corroborated by the fact that our
interpretation of expression level does not rely on a single observation but is averaged over a
whole activity landscape of many individual transformants (Figure 1). This could be
substantiated by reliably proving low copy numbers among differently optimized genes, in
order to get a decent comparability of the influence. The 2-fold increase in expression level of
TrCBH2-HM compared to 7TrCBH2-wt suggests a more efficient transcription and/or
translation of this variant in P. pastoris. Contrary to this, the gene optimized by the
commercial service using codon pair optimization, 7rCBH2-CP, showed a 2-fold lower
expression level than 7TrCBH2-wt. Being originally designed to assist co-translational protein
folding [21] of multi-domain proteins we expected the optimization based on codon pair
signaling to show improved expression for the two-domain enzyme 7rCBH?2. However, as
we observed the opposite effect for 7TrCBH2-CP we speculate that the bottleneck of 7rCBH?2
expression is rather on transcriptional level than on the posttranslational level of protein
folding. Summarizing, the optimized gene variant 7rCBH2-HM was superior to all other
variants under the tested methanol-inducing conditions. This suggests that preferring codons
with a high codon adaptation index (CAI) for highly expressed proteins under methanol
inducing conditions is a good choice for TrCBH2.

Figure 1 Activity landscapes of individual P. pastoris transformants expressing three
different 7rCBH2 variants controlled by P(AOX1). Codon pair optimized sequence in
black (CP), wt sequence in grey, high CAI codons for methanol induced gene expression in
white (HM) [11]. Released cellobiose concentration is represented in bars. The
untransformed strain P. pastoris CBS7435 Mut® was used as negative control

Especially for secreted proteins the level of expression strongly depends on the number of
integrated expression cassettes. Therefore, often the production efficiency of a strain can be
predicted by quantifying the number of genome-integrated expression cassettes (copy
number, CN) [15,20,22,23]. In P. pastoris an initial (linear) positive correlation between copy
number and productivity that stagnates at a defined upper limit can be observed [20,22].
Furthermore, in some cases also a loss of productivity above a certain number of integrated
copies has been described [15,23]. In fact, high mRNA-levels caused by strong promoters or
by high numbers of the expression cassettes can overload the folding and secretion machinery
of the host. Depending on the protein this can entail an accumulation of unfolded proteins
which triggers dedicated signaling pathways, commonly known as the unfolded protein
response [24]. For comparative studies it is, therefore, essential to characterize the strains
with regard to their copy numbers. Doing so will also allow the separation of promoter and/or
copy number related effects on expression levels.

To determine the individual expression levels of TrCBH2 expressing P. pastoris strains under
bioreactor conditions we selected suitable strains based on initial micro-scale screenings in 96
deep-well plates and by quantitative gene copy number determination using qRT-PCR. Gene
expression was driven either by the wild- type promoters P(AOX1) and P(GAP) or by
synthetic promoter variants. These synthetic promoter variants are part of a newly generated
promoter library based on P(AOX1) which was designed to fine-tune protein expression in
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Pichia pastoris [6]. With regard to their particular regulatory features two of these synthetic
promoters were chosen to be tested in this study, namely P(En) and P(De). In the original
publication by Hartner et al. [6] P(En) showed similar low expression of the reporter protein
green fluorescent protein (GFP) under derepressed conditions but increased expression up to
166%, when compared to the wild-type promoter P(AOX1) on single copy level after O h and
72 h of methanol induction, respectively. P(De) showed more than 4-fold higher GFP
fluorescence intensity under derepressed conditions but decreased expression down to 55%, if
compared to the wild-type promoter P(AOXT1) on single copy level after O h and 72 h of
methanol induction, respectively. Even though, GFP expression driven by P(De) resulted in
decreased protein production it was shown that this promoter was favorable for difficult to
secrete proteins such as horseradish peroxidase (HRP). The overall productivity in fed-batch
cultivations of HRP expression driven by P(De) was significantly higher than compared to
the overall productivity of HRP expression driven by P(AOXT1) [6]. In Figure 2A the time-
courses of protein concentrations in the supernatants during fed-batch cultivations of
TrCBH2 are compared. Figure 2A shows that the strain P(De)-7rCBH2-CP-CN25 + 7 which
harbors about 25 expression cassettes achieved around 4 g/l of TrCBH2. This is comparable
to the expression of P(De)-TrCBH2-HM-CN7 £ 1 which is optimized using our in-house HM
method. It can also be seen from Figure 2B that our in-house gene optimization method HM
outperforms that of the commercial supplier (compare also Figures 1 and 3B). Although
different promoters were used the expression of P(De)-TrCBH2-CP-CN25 +7 and P(AOX)-
TrCBH2-CP-CN7 + 1 normalized to the same level suggesting that a linear correlation of
expression independent of promoter type up to a CN of 25 exists for the CP optimization.
Based on these data and on data from literature [20,22] we observed two properties for
TrCBH2 expression. Firstly, using the AOX1 promoter variant P(De) we observed a positive
initial (linear) correlation up to at least 7 copies between copy number and productivity.
Secondly, gene optimization with our in-house method results in higher expression level at
low copy numbers.

Figure 2 Time-course of protein concentration during fed-batch cultivations. Gene
sequences were optimized either by codon pair optimization (CP) [21] or by applying the
high CAI codons for methanol induced genes (HM) [11]. Copy numbers (CN) are specified
in the legend. Panel A: Expression of differently codon optimized 7-CBH2 variants under the
control of P(AOX1), P(GAP) or the synthetic promoter P(De) [6]. HM optimized variants
(closed symbol), CP optimized variants (open symbol). Panel B: Time-course of 7rCBH?2
expression normalized to copy number. Legend labeling see panel A. Panel C: Expression of
TrbMan (open symbol) and 7/XynA (closed symbol) under the control of P(En) [6]. For
virtual gels of the protein yields during the fermentation runs please refer to Additional file 1
and the raw data can be found in Additional file 2

Figure 3 Comparison of 7rCBH2 gene/ promoter variants normalized by gene copy
numbers (CN). Panel A: Protein concentration of TrCBH2 fed-batch cultivations normalized
by CN after 90 h of induction. Panel B: Relative ratios of the expression levels of the
different gene optimization variants (HM/CP) under the control of P(AOX1) (white bar) and
P(De) (black bar). Panel C: Relative ratios of the normalized expression levels of the
different methanol inducible promoters (P(AOX1)/P(De)) expressing either TrCBH2-CP
(black bars) or TrCBH2-HM (white bar) after 90 h of induction. Please refer to Additional
file 2 for the raw data and Results and discussion section for more detailed information

As observed in the micro-scale screening (Figure 1) 7rCBH2-HM led to a higher expression
level than TrCBH2-CP (Figure 3) also in fed-batch cultivations. This effect was even more
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pronounced for the expression regulated by P(AOX1) with a 5-fold improvement of
TrCBH2-HM over TrCBH2-CP (Figure 3B). In contrast, for the P(De)-7rCBH?2 variants we
only observed a 3-fold improvement (Figure 3B) which can be explained by the lower
promoter strength of P(De) as described previously [6]. In addition, the relative ratios of the
different gene optimization variants (Figure 3B) and the relative ratios of the different gene
promoter variants (Figure 3C) allow also a better comparison between the methanol inducible
promoters P(AOX1) and P(De). (Figure 3C) shows that the strong methanol-inducible
P(AOX1) increases expression of 7rCBH2-HM around 1.7-fold compared to expression
under the control of P(De). For TrCBH2-CP expression under the control of different
promoters only a 1.2-fold improvement can be seen (Figure 3C). These results clearly
indicate for 7TrCBH?2 expression that the codon optimization which is based on the codon bias
of highly transcribed genes under methanol-inducing conditions gives even higher expression
when a strong methanol-inducible promoter is employed.

After 90 h of induction the single copy expression level of P(De)-TrCBH2-HM-CNT1 is
approximately 0.43 g/l (Figure 2B) whereas a higher single copy expression level of about
0.930 g/l (normalized to CN) can be calculated for P(AOX1)-7rCBH2-HM-CN3. Based on
these data, P(AOX1) gives an around 2-fold higher expression level than P(De). Although the
strain P(De)-TrCBH2-HM-CNS8 + 2 performed best under the tested MeOH-inducing
conditions our results, based on the normalized data, indicate that strong methanol-inducible
promoters such as P(AOX1) or the even stronger methanol-inducible P(En) [6] can further
increase the expression of 7rCBH?2. To verify this hypothesis on fermenter scale we decided
to screen for higher copy number strains expressing 7rCBH?2 under the control of P(AOX1)
and P(En). As seen in Figure 4/A the selected strains with increased copy numbers P(AOX1)-
TrCBH2-HM-CNS + 1 and P(En)-7rCBH2-HM-CNG6 * 1 indeed produced significantly more
protein over the whole induction period than the best strain of the first fermentation P(De)-
TrCBH2-HM-CN7 + 2. Within the first 70 h of induction the productivity of P(En)-7rCBH2-
HM-CNG6 + 1 was higher than the productivity of P(AOX1)-7rCBH2-HM-CNS + 1. This
confirms the results of the previously reported GFP expression experiments [6] using an
improved synthetic AOX1 promoter variant. The final protein yield of both strains was
comparable at around 6 g/l. Summarizing, using strong methanol inducible promoters in
combination with high copy numbers of genes that are optimized to a high CAI for highly
expressed proteins under methanol induction can further increase the yield of 7rCBH2.
Moreover, we showed that pre-selection of strains using micro-scale screenings and further
strain characterization using qRT-PCR for copy number determination is a useful tool to
reduce bioreactor cultivations to a reasonable number.

Figure 4 Time-course of protein concentration during fed-batch cultivations. Gene
sequences were optimized by applying the high CAI codons for methanol induced genes
(HM) [11]. Copy numbers (CN) are specified in the legend. Dotted lines indicate previously
obtained results (compare Figure 2). Panel A: TrCBH2 expression under the control of
P(AOX1) or the synthetic promoters En or De [6]. Panel B: TrbMan expression under the
control of P(De) and P(En). For a visual representation of the protein yields during the
fermentation runs please refer to the virtual gels presented in Additional file 1 and the raw
data can be found in Additional file 2

Although Trichoderma reesei typically can produce more than 100 g/l of cellulases [25],
individual enzymes such as 7rCBH?2 are expressed in much lower quantities (10-15%) [26].
Table 1 gives an overview of published expression yields and activities of the different
lignocellulolytic enzymes in different host systems. So far, Miettinen-Oinonen ef al. achieved
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the highest protein concentration of 0.7 g/l TrCBH2 in T. reesei strains cultivated in shake
flasks [27] which is around 9-fold less than compared to our highest cellobiohydrolase
concentration in Pichia pastoris bioreactor cultures. For other heterologous host systems such
as S. cerevisiae [28] and S. pombe [29] even lower TrCBH2 concentrations in the range of
0.1 g/l have been reported. Regarding the specific activities of 7rCBH2, we obtained 3.04
U/mg on Avicel, 5.30 U/mg on PASC and 1.51 U/mg on CMC whereas 2.52 U/mg on PASC
and 0.09 U/mg on CMC have been reported for the S. pombe system [29].

Table 1 Protein yields and enzymatic activities of expressed lignocellulolytic enzymes

Enzyme  Host Yield Activity  Spec. Activity Reference
(g (U/ml) (U/mg)

18.21" 3.04 this study
TrCBH2  P. pastoris ® 5.984 31.70? 5.30

9.05° 1.51
TrCBH2  S. cerevisiae ® 0.1 n.d. n.d. [28]
TrCBH2 T reesei ® 0.7 nd. nd. [27]
TrCBH2  S. pombe * 0.115 0.29° 2.52 [29]

0.01° 0.09
TrbMan  P. pastoris ® 1.142 109* 95.45 this study
TrbMan  S. cerevisiae ® 0.000150  0.01* 66.67 [30]
TrbMan T reesei ™ nd- 85.85* nd- [30]
TrbMan T reesei ® nd. 1.8* nd. [31]
TIXynA P. pastoris ® 1.2 138° 115.00 this study
TIXynA  P. pastoris 0.148 40.2° 271.62 [32]
TIXynA T lanuginosus ™ 0.270 88.5° 327.78 [32]
TIXynA  P. pastoris ™ 0.236 26.8° 113.56 [33]

" Shake flask cultivation

B fed-batch cultivation

™4 not determined

"avicel

? phosphoric-acid-swollen-cellulose (PASC)
3 carboxymethylcellulose (CMC)

* locust bean gum

> birchwood xylan

To evaluate P. pastoris’s capability for expressing various other lignocellulolytic enzymes we
also expressed xylanase A from Thermomyces lanuginosus (TIXynA), beta-mannase from
Trichoderma reesei (TrbMan) and cellobiohydrolase 1 from Trichoderma reesei (TrCBH1).
All genes were optimized using the in-house codon usage table and subsequently cloned
downstream of the synthetic promoter P(En) [6]. TrbMan was also cloned downstream of the
constitutive P(GAP) promoter. For T/XynA only the strong promoter P(En) was selected to
push its already proven high expression in Pichia pastoris with the native AOX1 promoter
[34]. Similar to the experiments for 7rCBH?2 high-throughput deep-well plate screenings
were performed with the adapted pHBAH-assay and the CNs were determined by qRT-PCR.
Five TrbMan P(En) strains harboring 1,4, 6+ 1, 16 £4 and 39 +9 copies, one single copy
strain under the control of P(GAP) and three TIXynA P(En) strains with 6 + 1, 10+ 3, and

18 +4 copies were fed-batch cultivated. Although we successfully expressed 7rCBHI1 in the
micro-scale screening bioreactor fermentations yielded similar low protein concentrations for
heterologously protein expression in the range of a few mg per liter as previously reported in
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literature [28,35,36]. Therefore, those strains were not characterized in more detail for this
paper.

Although the initial micro-scale screening revealed expression of 7rbMan under the control
of P(AOXT1) and P(GAP) over a broad range of CNs only the single copy strain of 7rbMan
P(En) successfully produced 7rbMan in the bioreactor (Figure 2). All other P(En) regulated
strains with more than one copy had major growth problems shortly after induction resulting
in attenuated growth (data not shown) when grown under our standard cultivation conditions.
In contrast, the P(En)-TrbMan-HM-CNT1 strain showed normal growth after recovering from
an initial cessation of growth post methanol-induction (data not shown). Under constitutive
expression of 7rbMan using P(GAP) the growth rate was slowed down and no 7rbMan was
produced even though just a single expression cassette was integrated into the Pichia genome
(data not shown). This could be a further example of the potentially cyto-toxic effects [14] of
constitutive heterologous protein expression with P(GAP) in P. pastoris. In addition, TrbMan
seems to be generally difficult to express in yeasts under constitutive promoters. As an
example, TrbMan was only produced at a level of 0.150 mg/l in Saccharomyces cerevisiae
[30] under the control of the constitutive phosphoglycerate kinase (PGK) promoter. Our
experiments revealed that the molecular weight ratio of glycosylated and deglycosylated
TrbMan was about 4 (determined by capillary electrophoresis, data not shown). Therefore,
hyper-glycosylation of 7rbMan in P. pastoris might be another problem for expression.

To test if a weaker methanol-inducible promoter can increase the productivity we also tested
the synthetic promoter P(De) for TrbMan. As seen in Figure 4B, over the whole induction
period the strain P(De)-TrbMan-HM-CNS £ 1 achieved significantly more protein than
compared to P(En)-7rbMan-HM-CN1 (Figure 4B). As previously seen in deep well
experiments [6] P(De) has a weak onset of expression during the glucose depletion-
derepression phase which could also be presumed for bioreactor cultivations. Based on that,
we further assume that a weaker onset leads to a better adaptation of the Pichia system for the
production of TrbMan. In addition, it was recently shown that expression under the control of
P(De) can result in positive effects on cell physiology compared to expression under the
control of P(AOX1) [37]. Consequently, P(De)-TrbMan-HM-CNS + 1 was capable of
producing 1.142 g/l of protein (Figure 4B) devoid of any directly observable growth
problems during fermentation (data not shown). The obtained yield of 1.142 g/l of TrbMan is
~7600-fold higher than the so far highest reported heterologous yield of 0.150 mg/I expressed
in Saccharomyces cerevisiae [30] (Table 1). The activity of TrbMan expressed in our study
was 109 U/ml using locust bean gum as substrate. This was similar to the results of Stalbrand
et al. [30] who obtained ~86 U/ml in Trichoderma reesei shake flask cultures. However, T.
reesei shake flask cultivations performed by Hagglund et al. [31] showed an activity of 1.8
U/ml. This value is about 60 times less than compared to our results. Comparing
heterologously expressed TrbMan our obtained activity of 109 U/ml is approximately 11000-
fold higher than the 0.01 U/ml expressed in S. cerevisiae [30]. Regarding the specific
activities for 7rbMan, we achieved 95.4 U/mg compared to 66.7 U/mg for TrbMan expressed
in S. cerevisiae [30] (see Table 1) which usually shows an even higher tendency for hyper
mannosylations that could limit the activity of 7rbMan.

For the fourth target, 7/XynA, fed-batch bioreactor cultivation of Pichia strains regulated by
P(En) and harboring 6 or 10 integrated expression cassettes produced around 1 g/l whereas
one strain with 18 integrated expression cassettes showed a reduced protein concentration of
0.25 g/l (Figure 2). As mentioned before, such negative correlation at higher copy numbers
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and productivity had already been described in literature for other proteins expressed in
Pichia [15,23].

Our yield of 1.2 g/l TIXynA represents a 5 to 8-fold increase in yield compared to earlier
expression studies in Pichia pastoris by Damaso et. al. [32] and Gaffney et. al. [33],
respectively. Compared to 7. lanuginosus shake flask cultures we achieved about 4 times
more protein than reported before in [32] (Table 1). Our obtained specific activity of 115.00
U/mg was similar to the specific activities of 113.56 U/mg and 271.62 U/mg that were
obtained by Pichia pastoris, [33] and [32] respectively. The specific activity of homologously
expressed T/XynA of 327.8 U/mg [32] was approximately 3-fold higher than compared to our
obtained values. The comparison to homologously expressed 7/XynA indicates that the
enzyme produced in P. pastoris showed lower specific activity although total volumetric
yields were higher.

Generally, we speculate that the variation in specific activities of all enzymes could
predominantly be attributed to the different glycosylation pattern that is produced by P.
pastoris [38]. This phenomenon has already been described in literature e.g. by Macauly-
Patrick et.al. [14].

Unfortunately, there are only limited bioreactor cultivations reported for 7TrCBH2, TrbMan,
and TIXynA, therefore, above made direct comparison of bioreactor results to published
shake flask expression experiments are biased. However, we can still conclude that
homologous expression yielded the highest specific activities but not necessarily the highest
total protein yields. Although P. pastoris is an excellent host for achieving high protein
concentrations heterologous expression can also influence the activity of the expressed
enzymes. Nevertheless, comparing the calculated specific activities from Table 1 there is a
general trend that the specific activities of the enzymes produced by P. pastoris are in the
range or even higher than the specific activities of the same enzymes expressed in other
heterologous hosts. This makes Pichia a good compromise for the expression of high
quantities of enzymes with relatively high specific activities. Furthermore, it also shows the
possible relevance of host strain glyco-engineering for industrial enzyme production as it
already has for the production of biologically active pharmaceutical proteins.

Conclusions

We have successfully constructed P. pastoris strains capable of producing maximum protein
concentrations of 1.142 g/l TrbMan, 6.55 g/1 TrCBH?2, and 1.2 g/l TIXynA in fed-batch
bioreactor cultivations. Moreover, we showed that suitable codon optimization of the target
genes helps to increase heterologous protein production by P. pastoris, thus providing a
simple way of increasing heterologous protein production for individual enzymes.

Furthermore, we emphasize the importance of transcript level optimization by alternative
promoters and gene dosage (numbers of integrated gene copies) for expression optimization.
This was particularly evident for the functional expression of 7rbMan. The strong
constitutive and methanol inducible promoters P(GAP) and, P(AOX1) respectively, secreted
no or less protein than the weaker synthetic promoter P(De).

Basically there are three classes of genes (A,B,C) with varying dependence of yields of active
proteins in relation to copy numbers: For class A genes an increase in copy number to more
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than 10 copies has a positive effect on protein expression, as seen in the case of 7TrCBH2. For
class B genes the yield of active protein increases within the number of integrated copies up
to a copy number of 2—10 and decreases with higher copy numbers, as seen in the case of
TIXynA. Finally, class C genes where yields of active protein get worse with increasing copy
numbers, as seen in the case of TrbMan. However, these effects definitely depend on the
strength of the employed promoter as well as the gene encoding the respective target protein.

Our conclusions are based on a better understanding of promoter and/or copy number-related
effects. Codon-optimized genes together with optimized promoters and numbers of integrated
expression cassettes allowed us to develop P. pastoris strains producing high levels of
lignocellulolytic enzymes. In combination with the high specific activities compared to the
same enzymes expressed in other hosts, Pichia seems to be a good choice for the
heterologous expression of individual lignocellulolytic enzymes.

Methods

Chemicals and Materials

Oligonucleotide primers were obtained from Integrated DNA Technologies (Leuven,
Belgium). For plasmid isolation the GeneJET™ Plasmid Miniprep Kit of Fermentas
(Burlington, Ontario, Canada) was used. All DNA-modifying enzymes were obtained from
Fermentas GmbH (Burlington, Ontario, Canada). Chemicals were purchased if not stated
otherwise from Becton, Dickinson and Company (Franklin Lakes, NJ, USA), Fresenius Kabi
Austria (Graz, Austria), Carl Roth (Karlsruhe, Germany), and Sigma- Aldrich (St Louis, MO,
USA). p-hydroxybenzoic acid hydrazide (order no. 54600) were obtained from Fluka
(Hamburg, Deutschland). D-(+)-mannose and D-(+)-cellobiose were from Fluka, D-(+)-
xylose from Sigma, D-(+)-glucose monohydrate from Carl Roth (Karlsruhe, Germany).

Media

For E. coli standard LB-medium containing 25 pg/ml zeocin was used. YPD for P. pastoris
contained 10 g/l yeast extract, 20 g/l peptone and 20 g/l glucose. For antibiotic selection 100
pg/ml zeocin were used. 15 g/l agar was added for plate media. Buffered minimal media
BMD (1%), BMM2 and BMM10 consisted per liter of 200 ml 1 M potassium phosphate
buffer (pH 6), 13.4 g yeast nitrogen base without amino acids, 0.0004 g/l biotin and 11 g/1
glucose or 1 or 5% (v/v) methanol, respectively. All pre-cultures were prepared using YPhyD
medium containing 20 g/l Phytone-Peptone, 10 g/l Bacto-Yeast Extract and 20 g/l glucose.
BSM medium contained per liter CaSO4_2H,0 0.47 g, K,SO4 9.1 g, KOH 2.07 g,
MgSO4_7H,0 7.5 g, EDTA 0.6 g, H3:PO4 (85%) 13.4 ml, Glycerol 40.0 g, NaCl 0.22 g and
4.35 ml PTM1. PTM1 Trace elements solution contained per liter 0.2 g Biotin, 6.0 g
CuS04_5H0, 0.09 g KI, 3.0 g MnSO4_H,O0, 0.2 g Na;MoO4_2H,0, 0.02 g H;BO3,0.5 g
CoCl,, 42,2 ¢ ZnSO4_7H20, 65 g Fe(II)SO4_7H,0 and 5 ml H,SO,. The fed-batch feed
media were either 60% (w/w) Glycerol or concentrated MeOH and were supplemented with
12 ml/1 PTM1 mineral salts solution.
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Construction of P. pastoris strains

The coding sequences of xylanase A from Thermomyces lanuginosus (TIXynA)
[UniProtKB/Swiss-Prot: O43097], beta-mannanase (7rbMan) [UniProtKB/TrEMBL.:
Q99036], cellobiohydrolase 1 (7rCBH1) [UniProtKB/Swiss-Prot: P62694] and
cellobiohydrolase 2 (TrCBH2) [UniProtKB/Swiss-Prot: P07987] from Trichoderma reesei
inclusive of their natural secretion leaders were codon optimized for P. pastoris expression
applying the Gene Designer software (DNA2.0, Menlo Park, CA, USA) based on an in-house
developed codon bias [11]. The GC content was set to be between 40 and 60% without local
peaks and restriction sites for cloning were avoided. In addition, one other variant of 7rCBH?2
was ordered from a commercial supplier (CODA Genomics, Laguna Hills, CA) by which
optimization was done with the method of codon pair signaling [21]. The native DNA
sequence was kindly provided by Frances H. Arnold. To further optimize translation all genes
were cloned after a defined Kozak consensus sequence (gaaacg) [39]. The synthetic genes
were cloned into the multiple cloning site of the E. coli/P. pastoris shuttle vector pPpB1 [11]
via EcoR1/Not] restriction sites. The TrCBH2 variants were cloned downstream of the wild
type promoters P(GAP) and P(AOXT1) and synthetic promoter variants with distinctly
different regulation patterns were also included, namely P(En) and P(De). P(En) can be
induced by methanol and showed increased GFP expression up to 166%, if compared to the
wild-type promoter P(AOX1). P(De) can either be induced by methanol or under derepressed
conditions as described by Hartner et al. [6]. TrbMan and T/XynA were cloned downstream
of the synthetic promoter P(En) [6] and in addition 7rbMan was cloned downstream of
P(GAP) and P(De). Plasmids were linearized with BgllIl, subsequently purified and
concentrated using the Wizard_ SV Gel and PCR Cleanup System (Promega Corp.). Electro-
competent P. pastoris CBS 7435 mut® cells were prepared and transformed with 1- to 2 ug of
the BgllI-linearized pPpB1 vector construct according to Lin-Cereghino [40]. Transformants
were plated on YPD-Zeocin (100 pg/ml Zeocin) agar plates and grown at 28°C for 48 h.

Micro-scale cultivation and high-throughput screening

P. pastoris strains expressing TIXynA, TrbMan, and TrCBH2 were cultivated in 96-deep well
plates as described by Weis et al [18]. Incubation was done in shakers (INFORS Multitron,
Bottmingen, Switzerland) at 28°C, 320 rpm, and 80% relative humidity. After an initial batch
phase for 60 h on 1% glucose the cultures were induced with 0.5% of methanol for a total of
72 h (additional supplementations to 0.5% methanol were added after 12, 36 and 60 h of the
first induction with methanol). After induction the cells were pelleted at 4000 rpm and
enzymatic activities were determined in the supernatants using the pHBAH-assay as
previously described by Mellitzer et al. [19]. Substrate conversions were performed in 50
mM citrate buffer containing appropriate substrate for each enzyme (either suspensions of 1%
Avicel®, 0.25% PASC or solutions of 0.25% CMC, 0.5% xylan or 0.2% locust bean gum) at
50°C (TrCBH2, TrCBHI1 and TrbMan) or at 59°C (TIXynA). The incubation time was 2 h for
the cellobiohydrolases and 20 min for 7/XynA and 7rbMan. For the subsequent reducing
sugar assay 50 pL of the substrate reaction (or, in the case of the standard sugars, appropriate
dilutions of the reducing sugars) were pipetted into 150 pl of the pHBAH working solution in
a 96-well PCR plate. The plate was sealed and incubated at 95°C for 5 min and then cooled to
4°C. 150 pl of the assay samples were transferred to a new micro-titer-plate and the
absorption measured at 410 nm in a SPECTRA MAX Plus384 plate reader (Molecular
Devices Corp., Sunnyvale, CA, USA). For exact quantification of reducing sugars a standard
curve of the respective reducing sugar (0—1 mg/ml) was included on each plate. Activity units
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for the expressed enzymes refer to the amount of released reducing sugar over time and
correspond to the standard ITUPAC definition pM/min.

Copy number determination by quantitative real-time PCR

Copy numbers of integrated expression cassettes in the Pichia genome were determined using
quantitative real-time PCR (qQRT-PCR) as described by Abad et al. [17].

Fed-batch cultivations of Pichia pastoris strains

Pre-cultures of individual strains were grown in 50 and 200 ml YPhyD in wide-necked,
baffled shake flasks at 120 rpm at 28°C. Each fermenter (Infors Multifors system (Infors AG,
Bottmingen, Switzerland)) containing 450 ml BSM-media (pH 5.0) was inoculated from the
pre-culture to an OD600 of 2.0. During the batch phase P. pastoris was grown on glycerol
(4%) at 28°C. At the beginning of the glycerol feeding phase the temperature was decreased
to 24°C. For methanol-fed cultures, the fed-batch phase was started upon depletion of initial
glycerol with 16 g/(1*¥h) glycerol feed solution followed by methanol induction. In the early
stages, the methanol-feed was set to 2 g/(1*h) and was gradually increased within the next 70
h to 6 g/(I*h). Likewise, the glycerol-feed was phased down during the first hour of methanol
induction to 0 g/(1*h). Dissolved oxygen was set to 30% throughout the whole process. After
91.5 h of methanol induction the fermentations were stopped. For glycerol-fed strains, the
batch phase was directly followed by a constant glycerol-feed with 6 g/(1*h). Protein
concentrations were determined by micro-fluidic capillary electrophoresis (CE) using
fluorescence detection (Caliper GXII System, Hopkinton, USA). Standard deviations of this
robust system are usually below 10%, even at high protein loads (exemplified in Additional
file 3). Therefore, just single measurements of every sample were performed. More
specifically, proteins were quantified by calibrating the integrated areas of the protein-
specific peaks in the electropherograms to an external reference protein standard (BSA) of
known concentration. For glycosylated proteins, peak areas of diluted deglycosylated samples
were compared to those of untreated samples to compensate for glycosylation-related
differences in quantification (a comparison of glycosylated and non-glycosylated enzyme
samples is exemplified for 7rbMan in Additional file 4). The dilutions of samples were in a
range to give peak areas of the samples that were comparable to those of the reference protein
standard. Importantly, the absence of comparable protein peaks in the vector-only control
strains further validates the quantification of the secreted enzymes (see Additional file 1).
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Additional files

Additional file_ 1 as PDF

Additional file 1 Supplementary figures. These figures provide virtual protein gels for each
of the expressed enzymes at different time points during the fermentation runs and give a
relative estimation of the purity of the expressed enzymes.

Additional file_2_as PDF
Additional file 2 These tables provide the individual data points of the measured target
protein concentrations for the Figures 2, 3 and 4.

Additional file_3_as PDF
Additional file 3 This figure provides a comparison of a triplicate measurement of a 7rCBH2
sample to exemplify the accurateness of the detection method.

Additional file 4 as PDF
Additional file 4 Deglycosylation of 7rbMan. These figures provide a comparison of
glycysylated and EndoH-deglycosylated protein samples of 7rbMan.
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ABSTRACT

Within the last years we developed a new toolbox to further enhance and facilitate protein
expression by Pichia pastoris. Herein we demonstrate the beneficial combination of several
of these tools for protein expression. A set of 48 lignocellulolytic genes was synthesized
distinguished by synonymous codon substitution. This set was expressed under the control
of the wild type P(GAP) as well as newly available synthetic promoters DeS and En. Putative
single copy landscapes were generated by the released cellobiose concentration and varied
from undetectable to ~600% of the initial activity. Transcript levels and protein yields
revealed the superior performance of P(DeS) in fed-batch cultivations. We demonstrated that
P(DeS) can be tightly regulated by the available carbon source type and level. Finally the
individual results were combined to engineer high P. pastoris productivity strains. Therefore,
strains with defined copy numbers expressing an improved gene variant under the control of
P(DeS) were employed. Although no methanol was used for induction we obtained more
than 18 g/L of secreted protein. This is the highest concentration of secreted protein reported
in P. pastoris so far. Concluding, we were able to improve extracellular cellulose production

by Pichia pastoris with the help of synthetic promoters and synthetic codon optimized genes.
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Introduction

The yeast Pichia pastoris is a unicellular eukaryotic microorganism which harbors several
advantageous compared to other systems. Since it is a eukaryote many post- translational
modifications such as proteolytic processing, correct folding, disulfide bond formation and
glycosylation can be still performed. Nevertheless, it can be quite easily genetically
manipulated to get relative stable production strains without the urge of applying permanent
selection pressure. Moreover, it can be cultivated to high cell densities in chemically defined
media and does not need complex cultivation conditions [1, 2]. So far more than 600 different
proteins of various organisms were successfully expressed in Pichia pastoris [3].
Nevertheless, to further increase its value as host systems for heterologous protein

production new tools and techniques are required.

There are several factors known to strongly influence protein production in Pichia pastoris,
like synonymous codon substitution, promoter choice and gene dosage [2, 4-6]. Regarding
synonymous codon substitution, studies performed in the simpler microorganism E. coli
obtained partly contradictory results. [7] speculated that variations of expression caused by
synonymous codon substitution depend on the limiting step of tRNA recharging. Whereas [8]
speculated that variations of expression caused by synonymous codon substitution depend
on mRNA stability. However, both studies demonstrated that in E. coli variations of
expression caused by synonymous codon substitution is principally regulated at
transcriptional and/ or translational level. Whereas for Pichia pastoris different results were
obtained, indicating that posttranslational processes (e.g. folding and secretion) and protein
degradation of misfolded or unfolded proteins are the limiting factor for protein production [6].
It is limited due to a stress induced extra energy requirement needed for recombinant protein
production which was summarized as metabolic burden (Glick, 1995). As a result Inhibition of
growth or low level of product accumulation, decreased cell lysis, plasmid instability can

influence the productivity of the expression system.

The most popular promoters in Pichia pastoris are the wild- type promoters glyceraldehyde-
3-phosphate dehydrogenase (GAP) [9] and alcohol oxidase 1 (AOX1) [10] since they are
strong promoters and easy to induce. However, due to the fact that P(GAP) is a constitutive
promoter, it is not suited for the expression of physiologically problematic or cytotoxic
proteins [2]. Unlike the P(AOX1), which can be tightly regulated by the available C-source
[10, 11]. Unfortunately, the use of methanol in industrial applications is not favorable
considering safety issues and methanol induced cell lysis and proteolysis [2, 3, 6, 12].
Meanwhile, alternatives to the wild- type promoters exist. A set of synthetic promoters was

designed by deletion and duplication of putative transcription factor- binding sites within the
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AOX1 promoter region [5]. Thereby, promoters were generated with an activity range
between 6 % and 166 % of the wild-type promoter and exhibiting different regulatory
features. For the P(GAP) library, error-prone PCR was used to introduce mutations in the
promoter sequence. 33 Mutants were chosen for further characterization and spanned an
activity range between 0.6 % and 19.6-fold of the wild- type promoter activity using yEGFP
as reporter [13].

The aim of the present work was to independently characterize the effect of synonymous
codon substitution, promoter choice and gene dosage in Pichia pastoris to find optimal
conditions for heterologous protein production. Therefore, a set of differently optimized
TrCBH2 gene variants were expressed under the control of distinct promoters. Moreover,
well defined strains were employed to further characterize the promoter performances on
transcriptional level in fed- batch bio reactor cultivations. Finally the individual results were

combined to engineer high P. pastoris productivity strains.
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MATERIAL AND METHODS

Chemicals and Materials

Oligonucleotide primers were obtained from Integrated DNA Technologies (Leuven,
Belgium). For plasmid isolation the GeneJET™ Plasmid Miniprep Kit of Fermentas
(Burlington, Ontario, Canada) was used. All DNA-modifying enzymes were obtained from
Fermentas GmbH (Burlington, Ontario, Canada). Chemicals were purchased if not stated
otherwise from Becton, Dickinson and Company (Franklin Lakes, NJ, USA), Fresenius Kabi
Austria (Graz, Austria) and Carl Roth (Karlsruhe, Germany). p-hydroxybenzoic acid
hydrazide (order no. 54600) and D-(+)-cellobiose were obtained from Fluka (Hamburg,
Deutschland). Cellobiase from Aspergillus niger (C6105) and cellulase from Trichoderma
reesei ATCC 26921 (C2730) were obtained from Sigma- Aldrich (St Louis, MO, USA).

Media

For E. coli standard LB-medium containing 25 pg/ml zeocin was used. YPD for P. pastoris
contained 10 g/l yeast extract, 20 g/l peptone and 20 g/l glucose. For antibiotic selection 100
pg/ml zeocin were used. 15 g/l agar was added for plate media. Buffered minimal media
BMD (1%), BMM2 and BMM10 consisted per liter of 200 ml 1 M potassium phosphate buffer
(pH 6), 13.4 g yeast nitrogen base without amino acids, 0.0004 g/l biotin and 11 g/l glucose
or 1 or 5% (v/v) methanol, respectively. All pre-cultures were prepared using YPhyD medium
containing 20 g/l Phytone-Peptone, 10 g/l Bacto-Yeast Extract and 20 g/l glucose. BSM
medium contained per liter CaS0O4_2H20 0.47 g, K2S04 9.1 g, KOH 2.07 g, MgS04_7H20
7.5 g, EDTA 0.6 g, H3PO4 (85%) 13.4 ml, Glycerol 40.0 g, NaCl 0.22 g and 4.35 ml PTM1.
PTM1 Trace elements solution contained per liter 0.2 g Biotin, 6.0 g CuS04_5H20, 0.09 g K,
3.0 g MnSO4_H20, 0.2 g Na2MoO4_2H20, 0.02 g H3BO3, 0.5 g CoCl2, 42,2 ¢
ZnS04 _7H20, 65 g Fe(I)SO4_7H20 and 5 ml H2SO4. The fed-batch feed media were
either 60% (w/w) Glycerol or concentrated MeOH and were supplemented with 12 ml/| PTM1

mineral salts solution.

Construction of P. pastoris strains
The codon sequence of cellobiohydrolase 2 (TrCBH2) from Trichoderma reesei inclusive of
the natural secretion leader was codon optimized for P. pastoris expression applying the
Gene Designer software (DNAZ2.0, Menlo Park, CA, USA). The GC content was set to be
between 40 and 60% without local peaks and restriction sites for cloning were avoided. To
further optimize translation all genes were cloned after a defined Kozak consensus sequence
(gaaacg). The synthetic genes were cloned into the multiple cloning site of the E. coli/P.
pastoris shuttle vector pPpB1 [4] via EcoRI/Notl restriction sites of pPpT4, Naatsaari et al..
The TrCBH2 variants were cloned downstream of the wild type promoters P(GAP) and
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P(AOX1) and synthetic promoter variants with distinctly different regulation patterns were
also included, namely P(En) and P(DeS). P(En) can be induced by methanol and showed
increased GFP expression up to 166%, if compared to the wild-type promoter P(AOX1).
P(DeS) can either be induced by methanol or be active under derepressed conditions.
Plasmids were linearized with Bglll, subsequently purified and concentrated using the
Wizard_ SV Gel and PCR Cleanup System (Promega Corp.). Electro-competent P. pastoris
CBS 7435 mut® cells were prepared and transformed with 1- to 2 pg of the Bglll-linearized
pPpB1 or pPpT4 vector construct according to Lin-Cereghino [14]. Transformants were

plated on YPD-Zeocin (100 ug/ml Zeocin) agar plates and grown at 28°C for 48 h.

Micro-scale cultivation and high-throughput screening

P. pastoris strains expressing TrCBH2 were cultivated in 96-deep well plates as described by
Weis et al [15]. Incubation was done in shakers (INFORS Multitron, Bottmingen, Switzerland)
at 28°C, 320 rpm, and 80% relative humidity. After an initial batch phase for 60 h on 1%
glucose the cultures were induced with 0.5% of methanol for a total of 72 h for expression
under the control of P(De). Glucose was used instead of methanol for P(GAP) and for
P(DeS) sorbitol was used instead of methanol, similar to the methanol induction. After
induction the cells were pelleted at 4000 rpm and enzymatic activities were determined in the
supernatants using the pHBAH -assay as previously described by [16]. Substrate
conversions were performed in 50 mM citrate buffer containing 1% Avicel® at 50°C for 2 h.
For the subsequent reducing sugar assay 50 yL of the substrate reaction (or, in the case of
the standard sugars, appropriate dilutions of the reducing sugars) were pipetted into 150 pl of
the pHBAH working solution in a 96-well PCR plate. The plate was sealed and incubated at
95°C for 5 min and then cooled to 4°C. 150 pul of the assay samples were transferred to a
new micro-titer-plate and the absorption measured at 410 nm in a SPECTRA MAX Plus384
plate reader (Molecular Devices Corp., Sunnyvale, CA, USA). For exact quantification of
reducing sugars a standard curve of the reducing sugar (0—1 mg/ml) was included on each
plate. Activity units refer to the amount of released reducing sugar over time and correspond
to the standard IUPAC definition pM/min.

Copy number determination by quantitative real-time PCR
Copy numbers of integrated expression cassettes in the Pichia genome were determined
using quantitative real-time PCR (gRT-PCR) as described by [17].

Fed-batch cultivations of Pichia pastoris strains
Pre-cultures of individual strains were grown in 50 and 200 ml YPhyD in wide-necked, baffled

shake flasks at 120 rpm at 28°C. Each fermenter (Infors Multifors system (Infors AG,
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Bottmingen, Switzerland)) containing 450 ml BSM-media (pH 5.0) was inoculated from the
pre-culture to an OD600 of 2.0. During the batch phase P. pastoris was grown on glycerol
(4%) at 28°C. At the beginning of the glycerol feeding phase the temperature was decreased
to 24°C. For methanol-fed cultures, the fed-batch phase was started upon depletion of initial
glycerol with 16 g/(I*h) glycerol feed solution followed by methanol induction. In the early
stages, the methanol-feed was set to 2 g/(I*h) and was gradually increased within the next 70
h to 6 g/(I*h). Likewise, the glycerol-feed was phased down during the first hour of methanol
induction to 0 g/(I*h). Dissolved oxygen was set to 30% throughout the whole process. After
91.5 h of methanol induction the fermentations were stopped. For glycerol-fed strains, the
batch phase was directly followed by a constant glycerol-feed with 5 g/(I*h). Protein
concentrations were determined by micro-fluidic capillary electrophoresis (CE) using
fluorescence detection (Caliper GXII System, Hopkinton, USA). Standard deviations of this
robust system are usually below 10%, even at high protein loads (exemplified in Additional
file 3). Therefore, just single measurements of every sample were performed. More
specifically, proteins were quantified by calibrating the integrated areas of the protein-specific
peaks in the electropherograms to an external reference protein standard (BSA) of known
concentration. For glycosylated proteins, peak areas of diluted deglycosylated samples were
compared to those of untreated samples to compensate for glycosylation-related differences
in quantification. The dilutions of samples were in a range to give peak areas of the samples

that were comparable to those of the reference protein standard.

39



Chapter 3

Results

Effects on heterologous protein expression and vector design

The effects of synonymous codon substitution and promoter choice were studied in more
detail to establish a model to predict heterologous protein expression in Pichia pastoris. An
initial set of 48 TrCBH2 genes was synthesized by DNA2.0. DNA2.0 used an in- silico design
(DoE) setup called “48-run Plackett-Burman” design, which applied distinct biases to the
gene features. This design allowed covering a broad range of variation while minimizing co-
variation between the features. This was important to be able to distinguish independent
effects of the features. For all genes known splicing and polyA motifs as well as large GC, AT
and homonucleotide runs of 6 or more were avoided. This was to avoid local extremes,
which have been associated with various local effects, such as translational frameshifts and
transcriptional termination. DNA2.0 did not include mRNA structure near the translational
start or elsewhere in the design scheme. Furthermore, CAl or the tAl as variables were not
included in the DoE. The sequences were verified and cloned in a newly available Pichia

pastoris shuttle vector system (pPpT4), Naatsaari et al.

In addition to synonymous codon substitution, effects on expression under altering conditions
were also examined by employing three different promoters. Therefore, TrCBH2 was cloned
under the control of the somehow constitutive wild type promoter P(GAP) or under the
control of the synthetic promoter P(DeS) or under the control of the methanol inducible

synthetic promoter P(En).

Putative single copy landscapes

Putative single copy activity landscapes were generated by cultivating 88 P. pastoris strains
per construct in 96 deep-well plates. For further information see Material and Methods
section. Subsequent, screening for lignocellulolytic activity was performed employing the
high- throughput reducing sugar assay established by [16]. Each 96- deep well plate included
positive as well as negative controls. The positive control was a verified single copy strain
under the control of respective promoter expressing the initial variant TrCBH2-HM (see [18]).
The negative control, a Pichia pastoris MutS strain, was defined as background and its
activity abstracted of each single clone. Random strains of different landscapes were chosen
to be tested using quantitative real-time PCR (qRT-PCR) and approved single copy

integration of expression cassettes.
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Figure 1 summarizes obtained single copy activities of the 48 gene variants expressed under
the control of P(GAP) in box- and whisker plots (for P(En) and P(DeS) see supplementary).
Released sugar concentrations varied from undetectable (<0.003 mg/ml ([16])) to 0.06 mg/ml
for P(GAP), to 0.07 mg/ml for P(DeS) and to 0.16 mg/ml for P(En). Compared to the initial
variant TrCBH2-HM a two-fold, six-fold or four-fold increase was obtained for P(GAP),
P(DeS) and P(En), respectively. Obtained activities of TrCBH2 variants expressed under the
control of P(DeS) were not as much scattered as variants expressed under the control of
P(GAP) and P(En). Most likely this effect is due to a not optimized induction protocol for
P(DeS) since so far only protocols for glucose or methanol driven expression are established
at our institute. Nevertheless, there is an obvious trend for some of the TrCBH2 variants
regardless of which cultivation protocol. There are TrCBH2 variants which are showing no or
almost no activity, variants which are showing similar activities as the initial TrCBH2-HM
variant as well as TrCBH2 variants which are showing improved activities. Out of the 48
active TrCBH2 variants synonymous codon changes caused 16-fold differences in

expression.

Initial Partial Least Square (PLS) model

Models to predict expression as a function of codon usage were constructed using Partial
Least Squares (PLS) regression [7]. For each cultivation condition measured expression
level was plotted against the expression predicted from a PLS model. The predictive models
were built as described in Welch et al. The correlation between individual codon frequencies
(59 are variable) and regarding expression were looked in more detail. Variable such as
mRNA structure and 5°-AT content were also included in the initial modeling but have not

seen strong contributions, so for simplicity the analysis was confined to codon usage.

Initial regression analysis with all sense codons suggested that frequencies of only a subset
of codons could explain most expression variation. A genetic algorithm was used to evolve
888 highly-predictive unique PLS models, each with a reduced set of codons (average of
14.2 codons per model). The predictions of the best models are shown in Figure 2. This
initial model was refined by nine hybrid genes derived from the first set, where coding
sequences of two genes were recombined. With the help of these chimeras region specific
effects can be more easily determined. The chimeras were chosen to sample variation along
trajectories that appeared informative. Basically, pairs of genes that were either different in
expressed activity or similar in activity but very different in overall codon usage were

selected.
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Characterization of the individual promoters

Fed-batch bioreactor cultivations were carried out to further characterize the performance of
the individual promoters. Consequently, for this comparative study well defined strains had to
be engineered to eliminate locus and copy number dependent effects on expression.
TrCBH2-HM was cloned into pPpT4 under the control of either P(GAP), P(AOX1), P(En) or
P(DeS), subsequently linearised in the AOX1 terminator region and transformed to the Pichia
ku70 strain, Naatsaari et al. The ku70 strain harbors a knock-out in the KU70 locus thus
results in increased frequencies of homologous integration. Due to this effect a higher
percentage of a correctly inserted expression cassette was obtained and fewer strains had to
be screened. Correctly integrated expression cassettes were verified by control colony
PCRs. For this reason, primers binding either on the promoter region of the expression
cassette or on the coding sequence of TrCBH2-HM and primers binding outside of the
expression cassette downstream in the AOXTT region [19] were employed (data not shown).
Additionally, for each promoter TrCBH2-HM construct strains were analyzed for single copy
integration by gRT-PCR. In this way four single copy strains were generated expressing
TrCBH2-HM under the control of either P(GAP), P(AOX1), P(En) or P(DeS) with verified
integration of the expression cassette in the AOX1 locus. Fed batch cultivations of these
strains were performed and TrCBH2 expressed in presence of either methanol or glycerol.

Samples were taken during the whole cultivation process and subsequently analyzed.

Since the main disadvantage of P(GAP) is its constitutive behavior we wanted to proof that
the P(DeS) can be tightly regulated by the available carbon source type and level. Therefore,
the promoter performance of P(AOX1) was compared to P(DeS) in presence of methanol or
glycerol by transcript level analysis. Samples were analyzed for TrCBH2 mRNA shortly
before the fed-batch start, during fed-batch and after induction start. As seen in Figure 3, in
our experiments P(AOX1) exhibits a low basal promoter activity in presence of glycerol which
is increased by a factor of 5 in presence of methanol, on average 2.3 and 11.7 respectively.
These values are less than expected [10] and might be related to the deficiency strain ku70
nevertheless, the transcript level was significantly increased after addition of methanol.
Comparable results were obtain by P(DeS) regulated expression for both cultivation
strategies. Indeed, TrCBH2 mRNA levels were increased by a factor of 6 shortly after
addition of methanol or after the reduction of glycerol from 16g*I**h™ to 5g*I""*h™" (Figure 3),
on average 2.0 and 12.6. These results indicate that glycerol can either repress or derepress
the activity of P(DeS) depending on its concentration. Furthermore, P(DeS) can also be

induced by methanol.

In Addition to transcript level analysis we also wanted to compare the produced protein titers

of the fed-batch cultivated single copy strains. As already mentioned, the cultivation protocol
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for the micro-scale screening was not optimized for P(DeS), hence diverge results were
expected. The protein titers of the fed-batch cultivations clearly demonstrated that the
synthetic P(DeS) outperformed the wild-type promoters P(AOX1) and P(GAP), see Figure 4.
Within the first 45 h of process time roughly the same amount of TrCBH2 was expressed by
all strains. Afterwards the strain under the control of P(DeS) and induced by methanol was
superior over all other strains. In fact, after 90 h around 40 % more protein was produced by
P(DeS) than compared to the wild-type promoter AOX1, 0.73 g/l and 0.51 g/l respectively.
Moreover, in the case of methanol free induction P(DeS) achieved a 12-fold higher end-titer
than compared to the wild-type promoter P(GAP), 0.12 g/l and 0.01 g/l respectively. Although
the strain harboring the other synthetic promoter P(En) achieved slightly higher protein
concentrations till 45 h of process time the end titer was around 30 % less than compared to

the wild type promoter AOX1, 0.37 g/l and 0.51 g/l respectively.

Summarizing, equal conditions were chosen to compare the performance of the synthetic
promoters to the wild-type promoters. As demonstrated in these experiments, P(DeS) was
tightly regulated on transcriptional level and outperformed the other promoters in terms of

protein titer.
Combining synthetic promoters and synthetic genes

So far micro-scale experiments and s.c. fed-batch cultivations revealed that synonymous
codon substitution and promoter choice have a huge effect on TrCBH2 protein production.
To test if these results are also valid in up-scale experiments and to evaluate if they can be
combined to further increase TrCBH2 production additional strains were generated. Fed-
batch cultivations were performed and either TrCBH2-HM or TrCBH2-V04 was expressed by
varying gene dosages under the control of P(AOX1) and P(DeS) in presence of either

methanol or glycerol, see Figure 5.

Regarding the effect of synonymous codon substitution, although the same promoter and the
same gene dosage was used to express TrCBH2 the strain P(DeS)_TrCBH2-V04_CN4+1
clearly outperformed the strain P(DeS)_TrCBH2-HM_CN4+1 in terms of protein titers Figure
5. The last two time points 74.5 and 95.5 h of the cultivation process revealed that the protein
titer is 3 to 2 fold higher if the codon optimized TrCBH2-V04 variant is expressed instead of
TrCBH2-HM, 16.18 and 15.71 g/l compared to 5.50 and 6.55 g/l respectively. Based on the
micro-scale screening results we even expected an up to 5-fold improvement of the protein
titers. This discrepancy can be related either to the not optimized micro-scale assay or to a

protein saturation effect (see also following paragraphs).

Regarding the promoter performances, strains expressing an identical TrCBH2 variant and

harboring comparable amounts of expression cassettes were used for the comparison,
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namely P(DeS)_TrCBH2-HM_CN4+1 and P(AOX1)_TrCBH2-HM_CN3. As seen in Figure 5,
P(DeS)_TrCBH2-HM_CN4+1 clearly outperformed the strain P(AOX1)_TrCBH2-HM_CN4+1
with and even without methanol in terms of protein titers over the whole induction period. The
last two time points 74.5 and 91.5 h of the cultivation process revealed that the protein titer is
3 to 2 fold higher if TrCBH2 expression is induced by methanol under the control of P(DeS)
compared to P(AOX1), 5.50 and 6.55 g/l compared to 1.70 and 2.78 g/l respectively. This
enhancement is better than the results obtained for the single copy fed-batch cultivations.
Most likely this is due to the replacement of the deficiency strain ku70 by the producer strain

mut® and might be also related to the gene dosage.

Regarding the gene dosage, TrCBH2-HM was expressed under the control of P(DeS) by
varying copy numbers either in presence of methanol or glycerol, namely P(DeS)_TrCBH2-
HM_CN4+1 or P(DeS)_TrCBH2-HM_CN36+9. Although methanol induction achieved higher
protein titers the difference was less pronounced if the gene dosage was further increased.
In the case of the before mentioned s.c. strains the differences was around 600 % (see
Figure 4) at the last time point whereas for P(DeS) TrCBH2-HM_CN4+1 around 20 % and
for P(DeS)_TrCBH2-HM_CN3619 less than 0.01% was obtained at the last time point, 0.73
compared to 0.12 g/l, 6.55 compared to 5.31 g/l and 13 compared to 12.96 g/l respectively
see Figure 5. This saturation effect indicates that there is no linear relation of gene dosage

and TrCBH2 titer for higher copy number strains.

Additionally to the strains seen in Figure 5 other strains were also fed-batch cultivated. In
these strains the gene dosage was even further increased. They expressed either TrCBH2-
V04 or TrCBH2-V09 under the control of P(DeS) in presence of methanol or glycerol. To
accurately quantify obtained protein titers after 90 h different methods were applied and
compared to enzymatic activities. Table 1 is summarizing the results of all fed-batch
cultivated strains in the study. The values in Table 1 indicate that if the gene dosage is too
high protein production will drop down, as already seen for TIXynA production [18]. Most
likely, due to the strong promoter and the optimized gene sequence the increased transcript
level overloaded folding and secretion machinery of the cells [6, 20, 21]. This is even more

evident in the case of methanol induced TrCBH2 expression.

Although lower copy number strains induced without methanol were not as good as strains
induced with methanol the highest titer was obtained by P(DeS) TrCBH2-HM_ CN40x9
without methanol. Less than 1g/l of TrCBH2 was achieved if methanol was used for
expression due to major growth related problems. However, also for TrCBH2 expression
under the control of P(DeS) in presence of glycerol an upper limit of gene dosage was
observed. In the case of P(DeS) TrCBH2-HM_CN54113 less protein was achieved than with

the strain P(DeS)_TrCBH2-HM_CN40+9.
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To additionally check the quantity and quality of the produced protein, the supernatants were
loaded on a SDS gel and compared to commercial available lignocellulolytic enzymes
produced either by Trichoderma reesei or by Aspergillus niger. Moreover, different
concentrations of BSA were loaded on the SDS gel to better estimate obtained protein
concentrations. As seen in Figure 6, in the supernatants of T. reesei and A. niger several
proteins can be detected whereas in P. pastoris mainly the heterologously expressed protein
can be detected. Three different supernatants of P. pastoris strains were loaded on the SDS
gel, namely the strain P(DeS)_TrCBH2-V04_CN4z+1 cultivated with or without methanol and
P(DeS)_TrCBH2-HM_CN40+9 cultivated without methanol. As seen in Figure 6, the highest
protein titer was achieved by P(DeS) TrCBH2-HM_CN40+9 without methanol induction,
~18 g/l. Furthermore, SDS gel pictures and LC-MS analysis revealed that in the supernatant
of methanol induced strains more degradations products can be detected compared to

supernatants of strains induced without methanol.

Summarizing, optimization of the gene sequence in combination with a strong synthetic
promoter induced just by low levels of glycerol led to the highest protein secretion reported in

Pichia pastoris so far.
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DISCUSSION

One aim of this study was to further characterize the effect of synonymous codon substitution
on protein production. The lignocellulolytic enzyme TrCBH2 was chosen as target protein
since a reliable and sensitive assay was available for the screening. Moreover, we have
already demonstrated that the amount of produced protein of this class A gene can be
almost linearly increased in accordance with at least 7 integrated expression cassettes [18].
Since we also expect a variation of gene expression in the order of several magnitudes for

synonymous codon substitution, TrCBH2 was an excellent target for its evaluation.

The in- silico design DeO was applied to reduce the incredible high number of possible
targets to a rational number that can be dealt with. Nevertheless, more than 15000 Pichia
pastoris transformants were screened and resulting putative single copy (s.c.) landscapes
were analyzed. Particularly interesting were those TrCBH2 variants which showed no or
reduced activity compared to the initial TrCBH2 variant. Apparently, these sequences were
containing negatively influencing elements and/or factors. This offers valuable clues of Pichia

pastoris“gene expression and which factors should be better avoided.

First models to predict expression as a function of codon usage were constructed using
Partial Least Squares (PLS) regression. These models showed that similar results can be
obtained for TrCBH2 production in Pichia pastoris, independently from the employed
promoter and expression conditions. In E. coil, Welch et al. [7] speculated that variations of
expression levels aroused by synonymous codon substitution depended on the limitation of
tRNA recharging. Since the tRNA pool should be influenced by varying C- sources it is rather
unlikely that the basis of the E. coli results apply also for P. pastoris. In E. coli energy
depletion can be caused by high transcript levels due to limitations of precursor availabilities
[22]. Whereas for Pichia pastoris a translational limitation is not very plausible due to
moderate specific productivities at least at low to medium expression levels [6]. More likely
protein production is influenced by posttranslational processes (e.g. folding and secretion)
and/or protein degradation of misfolded or unfolded proteins. This was also evident in the
experiments performed by [6, 23]. In the case of [23] a temperature decrease led to a
reduction of the metabolic burden however, protein production rate was up to threefold
increased. Our results indicated too, that TrCBH2 production was not limited in the first place
at transcriptional level. Increasing of gene dosage led to an improved protein production till a
certain upper limit of integrated expression cassettes. We assume that afterwards the
metabolic burden produced by high transcript levels was getting too high. Thus, growth
related problems of the cell and loss of productivity was observed. This effect was already
reported in other studies [6, 20, 24].
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From industrial point of few, lower copy number strains are more interesting for
biotechnology applications since strain stability is improved. [25] demonstrated that if the
amount of integrated expression cassettes was too high loss of copies was observed during

methanol induction. Thus long term productivity can be affected.

Additionally, analysis of the putative s.c. landscape data were performed regarding the
relative impact the codon frequency had on expression in the PLS model and regarding of its
variable importance. Hence, particular amino acids and the frequency of certain synonymous

codons appeared to have significant influence on the protein productivity.

To test the PLS model, hybrid genes derived from the first TrCBH2 set were employed. Even
though the model could not correctly predict the enzymatic activities of all of the chimeras
they still helped to further improve the model since region specific effects could be more
easily determined. In the end, we have shown that synonymous codon substitution had a
huge effect on protein production. Thereby, a model was generated to predict the expression
of heterologous proteins in P. pastoris. However, this is just an initial model and does not
directly provide an optimal codon usage. Rather it suggests which codons should be used
more and less often than their average use. Therefore, it might be worth it to test several
variants of your gene of interest to be sure to get maximized protein titers. Moreover, for
class B and especially for class C genes we emphasize that the gene variants should be
optimized in a non optimal way. By doing so, the transcript level will get reduced but still

more protein might be produced since the metabolic burden will be reduced too [21, 23, 26].

The second aim of this study was to further characterize the newly available synthetic
promoters. Transcriptional analysis and protein titer determination revealed, P(DeS) is a
strong promoter that can be induced by methanol and additionally is active under
derepressed conditions. Contrary to P(GAP), P(DeS) can be still tightly regulated by the
available carbon source type and level. Moreover, studies performed with another synthetic
derepressed promoter P(De) revealed that there is a positive effect on cell physiology
compared to expression under the control of P(AOX1) [27] which might also apply for
P(DeS).

The highest titer of produced TrCBH2 was approximately 18 g/l which were achieved under
the control of P(DeS) without methanol induction. We did not want to relay on just one
determination method therefore, we confirmed this value by four different methods. On
account of this we can definitely declare that this value is the highest concentration of
secreted protein in P. pastoris reported so far [28, 29]. Additionally, almost pure supernatants
of proteins were produced by Pichia compared to commercial available supernatants of

lignocellulolytic enzymes produced in other fungi host systems. Moreover, methanol induced
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protein production exhibited more degradation products than compared to methanol free
induction. It is already known that presence of methanol can lead to cell lysis which further
on negatively effects protein quality [21, 30]. Besides this glycerol (or glucose)- based
fermentations are highly interesting for industrial applications since a 10-fold decreased heat
production, significantly reduced oxygen consumption and higher protein synthesis rates as

compared to methanol-based processes can be obtained [21].

Summarizing, protein production in Pichia pastoris is strongly influenced by several factors.
Therefore, to get maximal protein titers without optimizing expression conditions is very
unlikely. Here we demonstrated that certain elements of the expression cassette were
independently optimized and obtained results subsequently combined. These results confirm

that synthetic biology is a helpful tool to further increase protein production.
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Figure 1: Released Cellobiose concentration of the TrCBH2 set expressed under the control of P(GAP)
determined by the pHBAH-Assay. Panel A) Putative single copy landscapes of three representative gene
TrCBH2 gene variants. Panel B) This panel shows how the values of the putative s.c. landscapes of panel A are
interpreted. Panel C) Summarizes all results obtained with the 48 TrCBH2 gene variants. The initial TrCBH2-HM
variant is represented in bold at the left side.
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Figure 2: PLS codon frequency models. For each variant the measured expression level was plotted against
the expression predicted from a PLS model using genetic algorithm-selected codons [7]. Panel A) Model fit for
TrCBH2 set expressed under the control of P(GAP). Panel B) Model fit for a comparison between the constitutive
and induced expression of the TrCBH2 gene set. Expression in each set was normalized to the highest
expression level in that set. R2(CV) indicates the correlation coefficient for the fit of the model in cross- validation.
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Figure 3: Transcript level analysis of fed-batch cultivated s.c. strains. Samples were taken at the end of the
batch phase, at the start of the fed-batch phase and at the beginning of the induction phase, as indicated in the
legend. Tr-CBH2-HM was expressed under the control of P(AOX1) in presence of methanol (white bar) or under
the control of P(DeS) in presence of methanol (dense bar) or under the control of P(DeS) in presence of glycerol
(sparse bar). All values are normalized to the value of the strain P(DeS)- TrCBH2-HM-s.c. cultivated in presence
of glycerol after 15.5 h of process time.
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Figure 4: Time- course of protein concentration during fed-batch cultivation of s.c. strains. T-CBH2-HM
was expressed under the control of P(AOX1) in presence of methanol (open circle), T-CBH2-HM was expressed
under the control of P(DeS) in presence of methanol (open triangle), T-CBH2-HM was expressed under the
control of P(En) in presence of methanol (open square), T--CBH2-HM was expressed under the control of P(GAP)
in presence of glycerol (closed circle), T-CBH2-HM was expressed under the control of P(DeS) in presence of
glycerol (closed triangle).
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Figure 5: Time- course of protein concentration during fed-batch cultivation of m.c. strains. Differently
codon optimized TrCBH2 variants were expressed under the control of P(AOX1) or P(DeS). Copy numbers (CN)
are specified in the legend. T-CBH2-HM was expressed under the control of P(AOX1) in presence of methanol
harboring 4 expression cassettes (dotted line, closed triangle), T-CBH2-HM was expressed under the control of
P(DeS) in presence of methanol harboring 4 expression cassettes (closed upright triangle), T-CBH2-V09 was
expressed under the control of P(DeS) in presence of methanol harboring 4 expression cassettes (closed
square), Tr-CBH2-HM was expressed under the control of P(DeS) in presence of methanol harboring 36
expression cassettes (open circle), Tr-CBH2-HM was expressed under the control of P(DeS) in presence of
glycerol harboring 4 expression cassettes (closed triangle) and Tr~-CBH2-HM was expressed under the control of
P(DeS) in presence of glycerol harboring 36 expression cassettes (open square).
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Figure 6: SDS gel picture of lignocellulolytic enzymes expressed in different hosts. Lane 1: Cellobiase from
Aspergillus niger (C6105) 3ul of 1:20 diluted supernatant; Lane 2: Cellulase from Trichoderma reesei ATCC
26921 (C2730), 3ul of 1:20 diluted supernatant; Lane 3: Pichia pastoris strain P(DeS)_TrCBH2-HM_CN36+9 in
presence of methanol, 4ul of a 1:20 diluted supernatant; Lane 4: Pichia pastoris strain P(DeS)_TrCBH2-
HM_CN3619 in presence of glycerol, 4ul of a 1:20 diluted supernatant; Lane 5: PageRuler™ Protein Ladder
(SM0661); Lane 6: Pichia pastoris strain P(DeS)_TrCBH2-HM_CN40+9 in presence of glycerol, 2ul of a 1:20
diluted supernatant; Lane 7: 0.7g/l of BSA, 3ul loaded; Lane 8: 0.6g/l of BSA, 3ul loaded; Lane 9: 0.5g/l of BSA,
3ul loaded; Lane 10: 0.4g/l of BSA, 3l loaded; Lane 11: 0.3g/l of BSA, 3ul loaded; Lane 12: 0.2g/l of BSA, 3l
loaded; Lane 13: 0.1g/I of BSA, 3ul loaded.
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1. Purpose and Field of Application

This assay was established for the detection of lignocellulolytic enzymes in the crude super-

natants of Pichia pastoris strains.

This high- through micro-scale assay allows screening of up to several thousand strains per
day. So far, four different types of lignocellulolytic enzymes were verified by this method.
Released sugar concentration down to 10uM can be reliable detected. For exact quantifica-
tion of reducing sugars a standard curve of the respective reducing sugar (0-1mg/ml) is

included on each plate.

2. Principle

The reducing sugars chemically react with pHBAH to form strongly absorbing osazones that
can be photometrical detected at 410nm and correlate with the released sugar concentra-

tion.

3. Key Words, Definitions & Abbreviations

Abbreviations: pHBAH, p-hydroxybenzoic acid hydrazide;

Key words: Cellulase, high-throughput screening, para-Hydroxybenzoic acid hydrazide.
Pichia pastoris, reducing sugar and lignocellulolytic enzymes

Unit: Activity units for the expressed enzymes refer to the amount of released reducing sug-

ars over time and correspond to the standard IUPAC definition uM/min.
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4. Methodology

4.1.Reagents

List of the chemicals needed and precautions if needed (storage conditions and time, risks)

Name Formula MW Purity Supplier Order No. Comments
pHBAH HOC6HA4CONHNH?2 152.15 =297.0% Fluka 54600
Salzsaure HCI 36,46 Any supplier Acid
Natronlauge NaOH 40,01 Any supplier Base
Trinatriumcit- Na3C6H507*H20 294.10 Any supplier

rat-Dihydrat

Zitronensaure C6H807 192,13 Any supplier Acid
Reducing sug- C12H22011 342.3 Any supplier

ars (e.g. cello-

biose)

Substrate (e.g. (C6H1005)n (162)n Any supplier

Avicel)

4.2.Solutions

Description of the solutions and buffers needed to execute the method and precautions if
needed (storage conditions and time, risks).
e 50 mM citrate buffer pH 5.5 (Trinatriumcitrat-Dihydrat, Zitronensaure) to dilute the
respective reducing sugars and for background control
e pHBAH stock preparation: p-hydroxybenzoic acid hydrazide (4-
Hydroxybenzhydrazide, Fluka). 5% in 0.5 M HCI. For 50 mL stock :
o 2.5 g pHBAH, +40 ml ddH20, add 2 ml conc. HCI (37%=12M); ad 50 ml with
ddH20-> pHBAH not completely dissolved after vortexing and 15 at RT
o Store +/- one month at 4°C
e pHBAH working solution (WS):
o Mix one volume pHBAH stock with 4 volumes 0.5 N NaOH. Every day fresh!
Here: solution was made by adding 3.125 ml 4M NaOH to 5 ml of pHBAH stock, then
filled up to 25 ml with ddH20
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4.3.Materials

Author: Mellitzer Andrea

Description of materials needed to perform the method

acib

Name Supplier Order No. Comments
50 ml Tubes Greiner bio-one 227261 Any supplier ok
96 well microplates, white, Eppendorf

PCR clean

self-adhesive aluminium foil  Any supplier

96-well PCR plates Eppendorf

Semi-skirted 96-well PCR VWR

plates

Multi-channel tips, 1 ml Any supplier

96-tips for pipetting robot Any supplier

Silicone Sealing Mat for PCR  VWR

plates

4.4.Apparatus

Description of the instruments needed to perform the test and specifications.

Name

Supplier

Comments

2720 thermocycler.

Applied Biosystems

Quadra Tower, 96-tip pipetting Tomtec,

robot,

Microplate reader Tecan Sunrise

Tecan

Shaking tower

Printed: 27/06/2012
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4.5.Procedure

Substrate conversion

Use 20 pL of culture supernatant for each well. Add 150 pL of 50 mM citrate buffer (Trina-
triumcitrat-Dihydrat und Zitronensaure) with the appropriate substrate:
e 150 uL 50 mM citrate buffer pH5.0 containing substrate (e.g. 1% Avicel)
e Add 20 pL of culture supernatant containing the desired lignocellulolytic enzyme
e seal plate with adhesive aluminium foil (and put a lid onto the plate)
e mix on a vibro skaker for 1 min
e incubate under shaking at 50°C for 2h (300 rpm)

e let cool to rt and centrifuge plate

Reducing sugar detection

e pellet insoluble substrate by centrifugation

e add 150 pL of pHBAH WS in a 96-well PCR plate to stop the reaction

e pipet 50 pL supernatant (and appropriate standard dilutions of reducing sugars; 0,
0.125; 0.25; 0.5, 1 mg/mL cellobiose ) from the substrate conversion reaction

e seal plate with silicon mat

e Mix on a vibro-shaker.

e Heat to 95°C for 5 min in a PCR thermocycler.

e Let cool to RT

e centrifuge plate

e transfer 150 pL from the reaction to a 96-well plate for measurement (use 96-well
plate pipetting robot if possible)

Read absorbance at 410 nm on a plate reader.
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4.6.Calculations

From the absorbance readings the corresponding difference between the sample and the

blank is calculated”

(14410 = A410 (sample) -A410 (blank)

A standard curve is plotted from the results of the standard solutions. The scale of abscissa
represents the amount of released sugar in mg/ml determined at A410 and the scale of the

ordinate represents the employed sugar concentration.

5. Safety Precautions

Please follow instructions described in “acib-Mitarbeiterleitfaden Gefahrstoff- und Laborord-

nhung”

6. Documentation

Besides the lab book documentation of Flicker and Mellitzer this method is also described in

the published article “Sensitive high throughput screening for detecting reducing sugars”.

7. References

1. Lever, M., A new reaction for colorimetric determination of carbohydrates. Analytical
Biochemistry, 1972. 47(1): p. 273-279.
2. Mellitzer A, Sensitive high throughput screening for detecting reducing sugars. Bio-

technol J 2011
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Summary and Conclusion

The main aim of the present study was to demonstrate that newly available synthetic
promoter variants are a beneficial tool for the heterologously protein expression in Pichia
pastoris. Moreover, we wanted to show that Pichia pastoris is a suitable alternative to other
more difficult to handle fungal systems for the expression of lignocellulolytic enzymes.
Therefore, Trichodermareeseicellobiohydrolase 1 and 2 (TrCBH1 and TrCBH2) and beta-
mannanase(TroMan), and Thermomyceslanuginosusxylanase A (T/IXynA) were chosen as

target and modelenzymes.

The first step to proof Pichia’s capability as convenient host for the expression and
engineering of lignocellulolytic enzymes was to establish a screening assay. Therefore, a
reducing- sugar assay was adapted to a highthroughput micro scale protein expression
screening method. We have shown that all of our target enzymes could be actively
expressed, characterized and identified by the adapted assay. Advantageously, this sensitive
and reliable screen can be applied for assaying crude-culture supernatants. Hence, this
simple assay can be universally applied in strain engineering and directed evolution for the

activity-based screening of enzymes that degrade natural sugar polymers.

To establish Pichia as host for the expression and engineering of lignocellulolytic enzymes it
was necessary to generate good producer strains of the target enzymes and to evaluate their
potential as efficient enzyme producers. Therefore, coding sequences of the genes were
optimized for expression in Pichia pastoris. Additionally, different promoters were employed
to further influence protein production. Based on our results we introduced a new possible
classification for genes to be expressed in Pichia. In these classes (A, B, C) protein
production depends on gene dosage and the strength of the employed promoter. Finally,
strains were constructed producing maximum protein concentrations of 1.142 g/| TroMan,
6.55 g/l TrCBH2 and 1.2 g/l TIXynA in fed-batch bioreactor cultivations. Additionally, since
high specific activities compared to the same enzymes expressed in other host systems can
be obtained we concluded that Pichia seems to be a good host for the expression of
individual lignocellulolytic enzymes.

In the last part of the thesis we demonstrated the beneficial combination of synonymous
codon substitution, promoter choice and gene dosage for protein production in Pichia
pastoris. Therefore, to further characterize each element, individually experiments were
performed. Finally, strains were engineered producing ~18 g/l of TrCBH2, the highest
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concentration of secreted protein reported in P. pastoris so far. Moreover, we have shown
that compared to other fungal host systems,Pichia secrets almost no endogenous enzymes
in significant amounts hence, downstream processes are facilitated. For this experiment
anew synthetic promoter was employed, expressing the protein under tight control simple by
glycerol feed reduction.

Within the frame of the present work we demonstrated that protein production in Pichia
pastoriscan be further improved by new techniques and tools. This increases its value as
host for the expression of heterologous proteins and makes it even more interesting for
industrial applications.
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Table 1: Pichia pastoris strains generated during the thesis

CC Nummer Name
3587 B1-GAP-CBH2 (Cl)-CN3/4
3585 B1-d6*-CBH2 (Cl)-D7_6-8 Kopien
3586 B1-d6*-CBH2 (Cl)-B6_s.c.
3588 B1-d6*-CBH2 (Coda)_F6_21-29 Kopien
3591 B1-AOX-CBH2 (Coda)_C3_7 Kopien
3590 B1-AOX-CBH2 (Coda)_C9_4 Kopien
3870 B1-d1+-bman_E8_CN=1
3872 B1-d6*-bman_A3 CN=5
3876 B1-Gap-bman_F1_CN=1
3877 B1-d1+-XynA_A11_CN=18
3878 B1-d1+-XynA_D8 CN=9/10
3879 B1-d1+-XynA_C12_CN=6
3869 pPpB1-P(d1+)-bman_G2_CN=39
3871 pPpB1-P(d1+)-bman_F1_CN=16
3873 pPpB1-P(d6*)-bman_A11_CN=12
6249 pPpT4_S 2x2x_DNA20-V04-P3-C9-CN40
6294 pPpT4_S 2x2x_DNA20-V31-D9-CN1
6227 pPpT4_S_2x2x_DNA20-V27-CN=0.7-A4
6229 pPpT4_S_2x2x_DNA20-V43-CN=3.0-F11
6230 pPpT4_S_2x2x_DNA20-V43-CN=0.6-B8
6301 pPpT4_S_2x2x_DNA20-V11-CN=0.5-C9
3921 pPpT4_S_2x2x_DNA20-V09-CN4/5
6295 pPpT4_S 2x2x_DNA20-V19-F9-CN1.3
6296 pPpT4_S_2x2x_DNA20-V19-F12-CN0.5
6291 pPpT4_S 2x2x_DNA20-V04-s.c.
6245 pPpB1_S_2x2x_DNA20-V09-W-3-CN23
6246 pPpB1_S_2x2x_DNA20-V09-M-2-CN18
6185 pPpB1_S_2x2x_DNA20-V09-CN11/12
6292 pPpB1_S 2x2x_DNA20-V09-Mittel-10-CN4/5
3950 pPpB1_S_2x2x_V04-CN59
6247 pPpB1_S 2x2x_DNA20-V04-P3-F5-CN54
6248 pPpB1_S 2x2x_DNA20-V04-P3-F1-CN43
3968 pPpB1_S_2x2x_V04-CN21-29-B4
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6184 pPpB1_S_2x2x_DNA20-V04-CN15/19

6293 pPpB1_S_2x2x_DNA20-V04-P3-G9-CN10
6251 pPpB1_S_2x2x_DNA20-V04-P1-E12-CN7
6290 pPpB1_S 2x2x_DNA20-V04-B12-CN3/4
3856 pPpT4_2x2x_S_CBH2-Claudia-S.c.

3857 pPpT4_d1+_smi_CBH2-Claudia-S.c.

3858 pPpT4_AOX_smi_CBH2-Claudia-S.c.

3859 pPpT4_GAP_smi_CBH2-Claudia-S.c.

3919 pPpB1_S_2x2x_CL-CN36+2x2x_PDI-CN13/15-G10
3920 pPpB1_S_2x2x_CL-CN36+2x2x_PDI-CN10/12-F4
3881 B1-d1+-CBH2-Claudia_s.c._ref DNA2.0
3882 B1-2x2x-CBH2-Claudia_s.c._ref DNA2.0
3883 B1-GAP-CBH2-Claudia_s.c._ref DNA2.0
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Table 2: Escherichia coli strains generated during the thesis

CC Nummer | Organismus Name
3986 E.coli B1_2xmat2x201_CBH2-V09
3892 E.coli pADH_ADHTT_B1_2xmat2x201_CBH2-V04
3893 E.coli pADH_ADHTT_B1_2xmat2x201_CBH2-V27
3855 E.coli pKan3,2-8-synPDI_2x2x
3854 E.coli pKang,2-8-synPDI_d1+
3853 E.coli pPpT4_2x2x_S_CBH2-Cl
3852 E.coli pPpT4_d1+_smi_CBH2-CI
3851 E.coli pPpT4_GAP_smi_CBH2-Cl
3850 E.coli pPpT4_AOX_smi_CBH2-Cl
3849 E.coli pADH_ADHTT_B1_A6*_b-man
3848 E.coli pADH_ADHTT_B1_GAP_b-man
3847 E.coli pADH_ADHTT_B1_GAP_XynA
3846 E.coli pADH_ADHTT_B1_d1+_XynA
3845 E.coli pADH_ADHTT_B1_A6*_XynA
3916 E.coli pKan3,2-8-Smi-synPDI_d1+-Strain-25
3884 E.coli pKan3,2-8-Smi-synPDI_2x2x-Strain-27
3885 E.coli pKan3,2-8-Smi-TKL_2x2x-Strain-130
3886 E.coli pKan3,2-8-Smi-synPDI_d1+-Strain-26
3326 E.coli pKan3,2-8-Smi-synPDI_2x2x-Strain-28
3328 E.coli pKan3,2-8-Smi-TKL_d1+-Strain-135
3329 E.coli pKan3,2-8-Smi-TKL_d1+-Strain-134
3330 E.coli pKan3,2-8-Smi-TKL_2x2x-Strain-133
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