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Abstract

During the last decades, lipids have gained much attention due to their involvement in
several diseases. To study fundamental aspects of lipid metabolism, however, the yeast
Saccharomyces cerevisiae has become a reliable model cell. In this Thesis, the first chapter is
devoted to a compact overview of yeast lipid metabolism. Metabolic aspects, lipid storage and
mobilization and regulatory problems have been addressed. The specific role of enzymes
governing important steps of the different lipid metabolic pathways has been described.
Beside S. cerevisiae, the yeast Pichia pastoris has become a valuable eukaryotic model
organism which is frequently used as a tool for industrial protein production. Despite these
important applications, cell biological aspects of P. pastoris including problems of
biomembrane and lipid research have not been adequately addressed. Since eukaryotic cells
are compartmentalized, techniques which allow isolation of these compartments (organelles)
and subcellular membranes are required for studying various aspects of cell biology. Many
reliable protocols for cell fractionation were designed for S. cerevisiae. We adopted and
modified these methods for studying P. pastoris organelles in more detail. In this Thesis,
optimized protocols for the isolation of the most important organelles from P. pastoris are
provided, and standard methods for lipid analysis of P. pastoris organelles are described. The
experimental focus of this Thesis was on P. pastoris microsomes which represent the
endoplasmic reticulum. We developed a procedure to isolate microsomal membranes at high
purity which were subjected to molecular analysis of lipids and proteins. Organelle lipidomics
included a detailed analysis of glycerophospholipids, fatty acids, sterols and sphingolipids.
The microsomal proteome analyzed by mass spectrometry identified typical proteins of the
endoplasmic reticulum known from other cell types, especially S. cerevisiae, but also a
number of unassigned gene products. As a contribution to P. pastoris lipid metabolism, we
identified the cardiolipin synthase by expression in a S. cerevisiae mutant strain lacking this
enzyme. Effects of the P. pastoris cardiolipin synthase on phospholipid formation and cell
growth were shown. In summary, this Thesis contributes to our general knowledge of P.
pastoris biomembrane biology and sets the stage to manipulate this microorganism for

applied research.



Zusammenfassung

In den letzten Jahrzehnten hat das Interesse an Lipiden wegen ihrer Beteiligung an
Krankheiten stark zugenommen. Um grundlegende Aspekte des Lipidstoffwechsels zu
untersuchen wurde die Hefe Saccharomyces cerevisiae haufig als Modellorganismus
verwendet. Das erste Kapitel dieser Dissertation gibt einen Uberblick tber den Lipidstoff-
wechsel der Hefe. Metabolismus, Lipidspeicherung und Mobilisierung sowie regulatorische
Aspekte wurden behandelt. Die spezifische Rolle von Enzymen, die wichtige Schritte der
verschiedenen Lipidstoffwechselwege katalysieren, wurde beschrieben. Neben S. cerevisiae
hat sich die methylotrophe Hefe Pichia pastoris, die héaufig fur die industrielle
Proteinproduktion verwendet wird, zu einem wertvollen eukaryotischen Modellorganismus
entwickelt. Trotz der industriellen Anwendung wurden zellbiologische Aspekte von P.
pastoris betreffend Biomembranen und Lipide noch nicht ausreichend untersucht. Da
eukaryotische Zellen in Kompartimente (Organellen) unterteilt sind, wurden Techniken zur
Isolierung dieser Organellen oder subzellularer Membranen fir zellbiologische Untersuchun-
gen entwickelt. Viele Protokolle wurden in der Vergangenheit fur die Zellfraktionierung von
S. cerevisiae konzipiert. Wir haben diese Methoden modifiziert um P. pastoris Organellen im
Detail zu untersuchen. Diese Dissertation beschreibt optimierte Protokolle fur die Isolierung
der wichtigsten Organellen von P. pastoris und Lipidanalysen von P. pastoris Organellen.
Der experimentelle Schwerpunkt dieser Dissertation lag auf der Isolierung und
Charakterisierung der Mikrosomen von P. pastoris, welche das endoplasmatischen Retikulum
darstellen. Ein Protokoll zur Isolierung mikrosomaler Membranen mit hoher Reinheit wurde
entwickelt um anschlieBend molekulare Analysen von Lipiden und Proteinen durchzufihren.
Die Lipidanalysen der Mikrosomen umfassten die Glycerophospholipide, Fettsduren, Sterole
und Sphingolipide. Das mikrosomale Proteom wurde durch Massenspektrometrie analysiert.
Es wurden nicht nur typische Proteine des endoplasmatischen Reticulum, die von anderen
Zellarten und vor allem von S. cerevisiae bereits bekannt waren, identifiziert, sondern auch
eine Reihe nicht zugewiesener Genprodukten. Als Beitrag zum Lipidmetabolismus von P.
pastoris wurde die Cardiolipinsynthase dieses Mikroorganismus studiert. Expression des P.
pastoris Gens in einer S. cerevisiae Deletionsmutante fuhrte zur Komplementation von
Defekten des Wachstums und der Lipidsynthese. Zusammenfassend stellt diese Arbeit einen
Beitrag zum Verstandnis der Membranbiologie von P. pastoris dar und bietet Information fur

die Manipulation dieses Mikroorganismus in der angewandten Forschung.
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Aims and Outline of this thesis

The methylotrophic yeast Pichia pastoris is a well characterized microorganism
concerning its use in the industry as expression system for heterologous proteins. However,
the knowledge about cell biological of this yeast is limited to a few issues such as peroxisome
assembly and function, autophagy and secretion. Although some fundamental cell biological
investigations have been performed recently, a broad understanding of P. pastoris organelles
is still missing. Particularly, P. pastoris lipid metabolism, organelle lipidomic and proteomics

require more detailed investigations.

The present Thesis was aimed to acquire information about the lipids and proteins
from P. pastoris subcellular fractions. The first main topic of this Thesis is an introduction
into yeast lipid metabolism. A detailed description of procedures for the isolation of P.
pastoris organelles with the goal to analyze lipids and proteins is described in chapters 111 and
IV. A major section of this thesis deals with P. pastoris microsomes representing the
endoplasmic reticulum. Isolation and characterization of this organelle is described in detail in
chapter V. The second major aim of this work was the identification of enzymes involved in
P. pastoris lipid synthesize. The focus of this study was the identification of the mitochondrial

phospholipid cardiolipin. These investigations are summarized in chapter VI.
In the following the content of the Thesis chapters is briefly described.

Chapter | is a short general introduction to P. pastoris. Advantages of this system for
heterologous protein expression are presented. Some biochemical characteristics of P.
pastoris membranes are mentioned pointing out the importance of P. pastoris as a model

organism for fundamental research.

Chapter 1l reviews the lipid metabolism in S. cerevisiae at a glance. Synthesis, degradation
and some regulatory aspects of fatty acid, membrane lipid and storage lipid metabolism and

molecular biology are presented.

Chapter 11l summarizes techniques of subcellular fractionation which were specifically
designated for the isolation of different P. pastoris organelles and biomembranes. This section
is organized as stepwise protocols to obtain highly enriched and intact organelles and

membrane compartments suitable for structural and functional analysis.
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Chapter 1V describes methods of detailed lipid analysis with the yeast P. pastoris. Optimized
conventional lipid analysis and lipidomics techniques are rendered in the form of detailed
protocols as guidance for lipidome analysis.

Chapter V is dedicated to the isolation and structural analysis of P. pastoris microsomes
which represent the endoplasmic reticulum. Data presented here describe the lipidome and the

proteome of this organelle.

Chapter VI reports identification of the cardiolipin synthase from P. pastoris by
complementation studies with S. cerevisiae and describes an effect of enhanced enzyme

synthesis on cell growth.

Chapter V11 is a general discussion of this Thesis which summarizes the obtained results with

some concluding remarks.
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Chapter | General introduction

Chapter I

General introduction

The methylotrophic yeast Pichia pastoris

The methylotrophic yeast Pichia pastoris is one of four identified microbial genera
beside Hansenula, Candida and Torulopsis which can use methanol as sole carbon source
[1]. In the past years, methylotrophic yeasts attracted much attention in the industry because
methanol is an inexpensive alternative growth supplement. Utilization of methanol as carbon
source leads to the proliferation of peroxisomes [2,3]. Within these organelles enzymes for
methanol metabolism are localized. The alcohol oxidase and the catalase are responsible for
the degradation of methanol and the detoxification of hydrogen peroxide which is produced
[4]. Peroxisome proliferation induced by methanol made P. pastoris a suitable organism to
study peroxisomal genetics and biochemistry [5,6]. The existence of the inducible alcohol
oxidase promoters AOX1 and AOX2 opened new perspectives for the industry. The AOX1
promoter is strongly repressed by glucose or other carbon sources which is advantageous
when large amounts of recombinant proteins produced may have a toxic effect to the cells. In
contrast, induction of the promoter by methanol usually leads to immense overproduction of

foreign proteins [7].

Another feature which favors P. pastoris for heterologous protein production is its
preference for respiratory growth instead of fermentation where ethanol is synthesized as a
toxic side product. Therefore, P. pastoris is able to grow to higher cell densities paralleled by
higher yields of heterologous proteins [8]. P. pastoris can be easily manipulated by genetic
means and possesses many post-translational protein processing properties similar to higher
eukaryotes. Due to these features, proteins from higher eukaryotic cells which are expressed
in P. pastoris have a good chance to be more correctly processed, folded and assembled into
functional molecules than after expression in S. cerevisiae or E. coli [9-11]. P. pastoris is

able to express foreign proteins either intracellularly or secrete them to the medium [12].

12



Chapter | General introduction

Therefore, P. pastoris has also become a model organism for studies of the protein secretory

pathway [13].

Protein synthesis, processing and secretion in P. pastoris were intensively investigated to
improve the expression of recombinant proteins for industrial purposes. However, many
questions remain on cell biological and biochemical aspects of these processes. As an
example, fundamental information about membrane functions and their lipid composition
were missing although this knowledge may be very useful for industrial purposes. Our
laboratory started to investigate P. pastoris organelles in some detail. These studies included
the isolation of organelles at high purity and characterization of the lipidome and proteome.
Moreover, the usage and influence of different carbon sources or incubation temperatures on

growth and lipid composition were examined [14-17].

So far, procedures for the isolation of peroxisomes, mitochondria, microsomes and lipid
droplets were successfully established. These highly purified subcellular fractions were used
to determine membrane characteristics. Furthermore, intensive research was performed
recently on the plasma membrane, the Golgi apparatus and the vacuoles (our own
unpublished work). It was shown that the growth rate of P. pastoris was influences by the
carbon source and the temperature. Methods for organelle isolation at high purity were
adopted and, if required, improved from protocols which were previously designed for
Saccharomyces cerevisiae. Lipid analysis of P. pastoris organelles revealed some

characteristic differences to the corresponding cell compartments from S. cerevisiae.

An interesting feature of P. pastoris is the production of polyunsaturated fatty acids
which influences membrane integrity and fluidity. The fatty acid composition was shown to
depend on the carbon source used for cell cultivation. Another lipid class influencing
membrane properties are sterols. Ergosterol is the predominant sterol found in P. pastoris
organelles, while sterol precursor molecules are only present at low levels [14-17].
Interestingly, lipid droplets from P. pastoris store more triacylglycerols than steryl esters
[16], while lipid droplets from S. cerevisiae contain equivalent amounts of these storage
lipids [18,19]. Phosphatidylcholine and phosphatidylethanolamine are the two major
membrane phospholipids found in P. pastoris subcellular fractions [14-17]. Growth of P.
pastoris on methanol or oleic acid significantly increased the amount of cardiolipin in
mitochondria, especially in the inner mitochondrial membrane, and changed the morphology
and the number of mitochondria per cell as was also observed for peroxisomes [14,15].

13



Chapter | General introduction

Lipid studies on P. pastoris organelles open new perspectives for applied research, since
membranes can be easily manipulated by the carbon source used for cultivation. The
identification of enzymes involved in P. pastoris lipid metabolism also revealed new
opportunities. Recently, two phosphatidylserine decarboxylases encoded by PSD1 and PSD2
[20] and the storage lipid synthases encoded by LRO1, DGAL and ARE1 were identified in P.
pastoris [21]. It was shown that deletion of the major phosphatidylethanolamine synthesizing
enzyme Psd1p without external ethanolamine supply was lethal [20]. Several P. pastoris
genes involved in fatty acid desaturation were also identified. Desaturation of fatty acids was
shown to be essential for viability of P. pastoris [22,23]. Manipulating the sterol biosynthetic
pathway and the enzymes involved may also be interesting for engineering industrial
processes [24]. Thus, a fundamental knowledge of lipid metabolic pathways and membrane
structural and functional features will be helpful to improve P. pastoris as an expression host

and as a eukaryotic model organism.
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Chapter | General introduction
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Abstract

During the last decades, lipids have gained much attention due to their involvement in
health and disease. Lipids are required for the formation of membranes and contribute to
many different processes such as cell signaling, energy supply and cell death. Various
organelles such as the endoplasmic reticulum, mitochondria, peroxisomes and lipid droplets
are involved in lipid metabolism. The yeast Saccharomyces cerevisiae has become a reliable
model organism to study biochemistry, molecular and cell biology of lipids. The availability
of mutants bearing defects in lipid metabolic pathways and the ease of manipulation by
culture conditions facilitated these investigations. Here, we summarize the current knowledge
about lipid metabolism in yeast. We grouped this large topic into three sections dealing with
(i) fatty acids; (ii) membrane lipids; and (iii) storage lipids. Fatty acids serve as building
blocks for the synthesis of membrane lipids (phospholipids, sphingolipids) and storage lipids
(triacylglycerols, steryl esters). Phospholipids, sterols and sphingolipids are essential
components of cellular membranes. Recent investigations addressing lipid synthesis,
degradation and storage as well as regulatory aspects are presented. The role of enzymes
governing important steps of the different lipid metabolic pathways is described. Finally, the
link between lipid metabolic and dynamic processes is discussed.
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Introduction

Lipids are defined as organic substances which are soluble in nonpolar organic
solvents, but not in water. They are rather small biomolecules which vary in their physical
properties from highly hydrophobic to amphiphilic. Based on their structure and function,
lipids are categorized into eight classes which are fatty acids, glycerolipids,
glycerophospholipids, sterols and sterol derivatives, sphingolipids, prenol lipids, glycolipids
and polyketides (Fahy et al., 2008; 2011). They are constituents of biological membranes or
stored in distinct organelles and serve different functions, i.e., as energy source, structural
elements, signaling molecules or as mediators of membrane fusion and apoptosis (Escriba et
al., 2008; Rego et al., 2013). Lipids are important components of the cell envelope but also
characteristic constituents of intracellular organelles (Van Meer et al., 2008). Major lipid
synthesizing organelles are the endoplasmic reticulum (ER), the Golgi apparatus and
mitochondria. Interestingly, some lipids are present in these organelles just at minor amounts
(Fagone & Jackowski, 2009; Osman et al., 2010; Tamura et al., 2012). Therefore, a lipid
transport system must exist to translocate lipids from their site of synthesis to their final
destination (Achleitner et al., 1999; Schnabl et al., 2005; Peretti et al., 2008).

Due to the very well conserved mechanisms between all eukaryotes and due to other
advantages, Saccharomyces cerevisiae has evolved as well-established lipid research model
which has led to many new insights in this field. The construction of yeast mutant strains
deficient in certain steps of lipid metabolism turned out to be a most useful instrument to
study lipid biosynthesis, degradation and storage (Santos & Riezman, 2012). Yeast cell
metabolism fulfills cellular lipid requirements by different pathways including de novo
synthesis, uptake of external lipids and turnover of lipids. An excess of cellular lipids can be
harmful for the cell and may lead to lipotoxicity (Garbarino et al., 2009; Eisenberg & Buttner,
2013). To overcome this unwanted effect lipids are stored in specialized organelles, the so
called lipid droplets (LD). Upon requirement, stored lipids can be mobilized for energy
production or synthesis of complex lipid (Czabany et al., 2007; Rajakumari et al., 2008).

In this minireview we describe synthesis, turnover and some regulatory aspects of
lipids in S. cerevisiae at a glance. We have categorized the lipids into three groups depending
on their function. First, we describe the role of fatty acids as basic building blocks for
complex lipids; second, we discuss membrane lipids including phospholipids, sterols and
sphingolipids; and finally we give a brief overview of storage lipids.
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The basic modules: Fatty acids

Basic elements of complex lipids are fatty acids (FA). They can be incorporated into
phospholipids and sphingolipids or serve as an energy reservoir in triacylglycerols (TG) and
steryl esters (SE) stored in lipid droplets (LD). FA can also function as transcriptional
regulators and signaling molecules, and can be involved in posttranslational modification of
proteins. Free fatty acids (FFA) are carboxylic acids with hydrocarbon tails varying in chain
length and degree of (un)saturation. These variations lead to the large variety of FA molecules
and thus to the synthesis of many different lipid species. Yeast cells can get their FA either by
(i) de novo synthesis; (ii) hydrolysis of complex lipids and delipidation of proteins; and (iii)
from external sources by FA uptake (Tehlivets et al., 2007) (Figure 1).

The FA composition of S. cerevisiae is rather simple. Major FA are C16:1 (palmitoleic
acid) and C18:1 (oleic acid) followed by C16:0 (palmitic acid) and C18:0 (stearic acid); and
minor FA are C14:0 (myristic acid) and C26:0 (cerotic acid) (Viljoen et al. 1986; Tuller et al.
1999). The FA composition varies depending on growth conditions and in different
subcellular membranes. Under standard growth conditions, about 80 mol % of total FA are
monounsaturated (C18:1 ~ 50 %; and C16:1 ~30 %). Among the ~20 % of saturated fatty acid
palmitic acid (C16:0) is the most prominent comprising 9 % of total fatty acids (Tuller et al.,
1999; Martin et al., 2007). De novo synthesis of FA takes place in the cytosol and in
mitochondria followed by elongation and desaturation in the ER. The initial step of FA
synthesis is catalyzed by acetyl-CoA-carboxylase. For cytosolic FA synthesis, this enzyme is
encoded by ACC1 (Hasslacher et al., 1993), whereas HFA1 codes for the mitochondrial
acetyl-CoA-carboxylase (Hoja et al., 2004). In this reaction, acetyl-CoA derived from citrate
degradation or from acetate is carboxylated to form malonyl-CoA which serves as a two
carbon building block in the following FA synthesis reactions. Deletion of ACC1 is lethal
even with FA supplementation from the medium, but Ahfal mutants are viable although
unable to grow on non-fermentable carbon sources which is typical for strains with defective
mitochondrial function (Tehlivets et al., 2007). The synthesis of FA is carried out in the
cytosol by the hexameric fatty acid synthase (FAS) complex consisting of 6 Faslp and 6
Fas2p subunits, each, which exhibit more than one enzymatic activity (Stoops & Wakil, 1978;
Leibundgut et al., 2008). Faslp harbors acetyl transferase, enoyl reductase, dehydratase and
malonyl-palmitoyl transferase activities (Wieland et al., 1979; Leibundgut et al., 2008); and
Fas2p contains acyl carrier protein, 3-ketoreductase, 3- ketosynthase and phosphopantheteine

transferase activities (Mohamed et al., 1988; Fichtlscherer et al., 2000). Supplementation with
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long chain FA (LCFA) is necessary to rescue fasl and fas2 null mutants (Schiller et al.,
1992).

In contrast, the mitochondrial FA synthase complex consists of six proteins, each
harboring only one enzymatic activity. These proteins are: acyl-carrier protein Acplp, B-
ketoacyl-ACP synthase Cemlp, 3-oxoacyl-acyl-carrier-protein reductase Oarlp, 3-
hydroxyacyl-thioester ~ dehydratase = Htd2p, enoyl-ACP  reductase  Etrlp and
phosphopantetheine protein transferase Ppt2p. Both the cytosolic and the mitochondrial FAS
machineries add two carbons from malonyl-CoA to a saturated acyl chain. While the
mitochondrial FAS system primarily produces lipoic acid, a chain length up to C18 can be
achieved by the cytosolic FA synthase (Hiltunen et al., 2010a). Whether the mitochondrial
FAS complex also contributes to medium and long chain FA synthesis is still a matter of
dispute, although its synthesis capacity was shown by enzymactic in vitro studies (Hiltunen et
al., 2010b). Further elongation steps by addition of two carbons from malonyl-CoA, each, to
very long chain fatty acids (VLCFA) up to C26 is carried out in the ER by different
elongases encoded by ELO1, ELO2 and ELO3. Elolp functions as main elongase, whereas
Elo2p and Elo3p are predominantly responsible for the assembly of VLCFA which are
required for sphingolipid synthesis (Toke & Martin, 1996; Oh et al., 1997). Desaturation and
hydroxylation of FA also take place in the ER. The introduction of double bonds into the acyl
chains and thus their desaturation is performed by the acyl-CoA A9-desaturase Olelp (Stukey
et al., 1989; 1990). The expression of Olelp can be regulated at the transcriptional level by
varying growth conditions such as temperature, fatty acid supply, carbon source, or oxygen
level (Martin et al., 2007). The transcriptional activation of Olelp and its mRNA stability
requires the proteasomal cleavage of the proteins Spt23p and Mga2p. An mga2Aspt23A
double deletion strain is not viable without supplementation of unsaturated FA (Zhang et al.,
1999; Nakagawa et al., 2002; Kandasamy et al., 2004). Recently, it was shown that Sctlp
(Gat2p), a glycerol-3-phosphate acyltransferase catalyzing the production of lyso-
phosphatidic acid, competes with Olelp for saturated FA. Deletion of SCT1 increased
desaturation of FA, and overexpression led to enhanced lyso-phosphatidic acid levels and
decreased synthesis of unsaturated FA (De Smet et al., 2012). Hydroxylated FA are also
found in yeast, predominantly as components of sphingolipids. The hydroxylation of C26 in
ceramides is catalyzed by Scs7p, and in sphinganine by Sur2p (Haak et al., 1997).

Besides de novo synthesis, yeast cells can also take up FA from the environment either
by diffusion or by transporters. Blocked de novo synthesis of FA can be completely rescued
by the uptake of exogenous FA. The uptake of FFA in combination with their activation with
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coenzyme A is performed by the acyl-CoA synthases Fatlp, Faalp, Faa2p, Faa3p and Faadp
which are localized to the ER, LD, the plasma membrane and peroxisomes (Black & DiRusso,
2007). Internalized and activated FA are then rapidly used for the synthesis of complex lipids,
stored in lipid droplets in form of TG and SE, or degraded by B-oxidation in peroxisomes. For
the latter process, FA have to be imported into peroxisomes. Long chain fatty acids (LCFA)
are translocated by the ABC transporter complex Pxalp-Pxa2p (Van Roermund et al., 2012),
whereas medium chain fatty acids (MCFA) are transported with the aid of Antlp and Pex11p
(Van Roermund et al., 2000; 2001). Activation of LCFA occurs in the cytosol, whereas
MCFA are activated after import into peroxisomes by Faa2p. The initial step of FA
degradation is the oxidation of acyl-CoA to trans-2-enoyl-CoA catalyzed by the acyl-CoA
oxidase Fox1p (Pox1p). The toxic byproduct of this reaction, hydrogen peroxide, is degraded
by the peroxisomal catalase Ctalp. Trans-2-enoyl-CoA is further converted to 3-ketoacyl-
CoA by Fox2p (Mfe2p) with 3R-hydroxyacyl-CoA as intermediate. The thiolase Fox3p
(Potlp) catalyzes the final step of the B-oxidation where 3-ketoacyl-CoA is cleaved to acetyl-
CoA and a C2-reduced acyl-CoA (Hiltunen et al., 2003; Poirier et al., 2006).

The membrane lipids: phospholipids, sterols and sphingolipids

Amphipathic molecules are best suited as components of biological membranes.
Phospholipids (PL), also named glycerophospholipids, have such an amphipathic character
due to their structure. They consist of a diacylglycerol (DG) as hydrophobic moiety and
different polar head groups at the hydrophilic side. DG consists of a glycerol backbone which
is esterified in the sn-1 and sn-2 positions with FA. The head group of the PL is linked to the
sn-3 position. The diversity of PL molecules is due to combinations of possible FA in the DG
moiety. In general, the FA at the sn-1 position is mostly saturated, and the FA in the sn-2
position unsaturated. Polar head groups determine the classification and the physical
properties of the PL (Daum et al., 1998).

Major PL in total cell extracts from S. cerevisiae are phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (P1) and phosphatidylserine (PS) (Table
1) However, the PL profile of different organelles varies (Zinser et al. 1991; Horvath et al.
2011). Moreover, the carbon source used for yeast cultivation affects the PL composition
(Tuller et al., 1999). In an aqueous environment, PL form bilayers with the hydrophilic

portions facing the environment and the hydrophobic FA forming the core of the membrane.
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In cells, membrane forming PL contribute to the formation of organelles (Simons & Sampaio,
2011) whose lipid composition varies. As examples, the plasma membrane is enriched in PS,
whereas cardiolipin (CL) and phosphatidylglycerol (PG) are predominantly found in
mitochondria (Zinser et al., 1991). Besides PL, sphingolipids (SL) and sterols also contribute
to the membrane architecture. SL are especially found in the plasma membrane, but also in
other organelles at lower amounts (Van der Rest et al., 1995). Basic element of SL is a
ceramide backbone which consists of a sphingoid long-chain base (LCB) linked via an amide
bond to a FA. Inositol as a polar head group completes the structure of a SL molecule.
Phytosphingosine (PHS) and dihydrosphingosine (DHS) are the two possible LCB in yeast.
The chain length of DHS (16-20 carbons) and PHS (18-20 carbons) varies. In SL from S.
cerevisiae the attached FA is predominantly a hydroxylated or non-hydroxylated cerotic acid
(C26:0) (Dickson et al., 2006; Dickson, 2008). Another class of membrane lipids are the
sterols. These components are non-polar lipids which are protected by SL head groups within
the membrane. The major sterol in S. cerevisiae is ergosterol (Erg) which is, similar to SL,
primarily embedded in the plasma membrane where it contributes to membrane integrity.
Ergosterol is the final product of the complex sterol biosynthetic pathway. Precursor sterols

are found only at low amounts in the yeast cell (Henneberry & Sturley, 2005).

Phospholipids

As shown in Figure 2, phosphatidic acid (PA) serves as a central metabolite in the de
novo synthesis of PL. Its precursor, lyso-PA (LPA), is generated from glycerol-3-phosphate
(G3P) catalyzed by G3P- acyltransferases encoded by SCT1 (GAT2) and GPT2 (GAT1)
(Athenstaedt & Daum, 1997). LPA is further converted to PA by the LPA acyltransferases
Slclp, Slcdp (Jain et al., 2007; Benghezal et al., 2007) and Loalp (Ayciriex et al., 2012).
Sctlp and Gpt2p can also use dihydroxyacetone phosphate (DHAP) as a substrate forming
acyl-DHAP as a product (Zheng & Zou, 2001) which is further converted to LPA by a
reductase encoded by AYR1 (Athenstaedt & Daum, 2000). Gene products of SLC4 and SCT1
are localized to the ER, whereas Gpt2p, Slclp, Loalp and Ayrlp are located to the ER and
LD.

PA can contribute to two major lipid biosynthetic pathways. First, it can be cleaved by
the phosphatidate phosphatases Pahlp, Dpplp, Lpplp and Applp to DG to enter the lipid
storage pathway (Toke et al., 1998a; Toke et al. 1998b; Han et al., 2006; Chae et al., 2012).
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Second, it contributes to PL synthesis via conversion to cytidine diphosphate-diacylglycerol
(CDP-DG) catalyzed by the ER localized CDP-DG synthase Cdslp (Shen et al., 1996) or by
the mitochondrial CDP-DG synthase Tam41p (Tamura et al., 2013) with cytidine triphosphate
(CTP) as CDP donor. CDP-DG is the precursor molecule for all major phospholipids and can
be combined with serine, inositol or G3P. Three different synthases use CDP-DG for the
formation of PI, PS and PGP, respectively, namely (i) phosphatidylinositol synthase Pislp,
(if) phosphatidylserine synthase Cholp and (iii) phosphatidylglycerolphosphate (PGP)
synthase Pgslp (Zhao et al., 1998).

Inositol is either derived from glucose-6-phosphate catalyzed by the inositol-3-
phosphate synthase Inolp (Donahue & Henry, 1981; Dean-Johnson & Henry, 1989) and the
inositol-3-phosphate phosphatase Inm1p (Lopez et al., 1999; Murray & Greenberg, 2000); or
it is incorporated from the environment with the aid of the inositol permeases Itrlp and Itr2p
(Nikawa et al., 1991). Pislp catalyzes the synthesis of Pl from CDP-DG and inositol (Nikawa
& Yamashita, 1984).

Pgslp uses CDP-DG in combination with G3P to synthesize PGP (Chang et al.,
1998a). The phosphate group is removed from the molecule by the PGP phosphatase Gep4p
resulting in PG (Osman et al., 2010) which can be further converted to CL by the cardiolipin
synthase Crd1p (Tuller et al., 1998; Chang et al., 1998b). The structure of CL is unique
among the PL because it contains two DG moieties. The acyltransferase Taz1p is responsible
for the trimming of the final acyl chain composition of CL (Testet et al., 2005).

The PS synthase Cholp uses CDP-DG and serine for the formation of PS (Letts et al.,
1983). PS can be decarboxylated to PE by the PS-decarboxylases Psd1p localized to the inner
mitochondrial membrane, or by the Golgi/vacuole associated Psd2p (Voelker, 1997). PC
evolves as the last PL within the aminoglycerophospholipid biosynthetic pathway from PE by
three methylation reactions catalyzed by Cho2p and Opi3p (Kodaki & Yamashita, 1987;
Kodaki & Yamashita, 1989). Another route for the synthesis of PE and PC is the so-called
Kennedy pathway, also known as CDP-ethanolamine/choline pathway which uses exogenous
ethanolamine (Etn) and choline (Cho) as substrate for PE and PC synthesis (Blrgermeister et
al., 2004). Both substrates are transported into the cell by an HNMZ1-encoded
ethanolamine/choline transporter (Nikawa et al., 1990) and phosphorylated in the cytosol by
respective kinases (Ekilp, ethanolamine kinase; and Ckilp, choline kinase) (Hosaka et al.,
1989; Kim et al.,, 1998; Kim et al., 1999). Etn-phosphate can also be set free from
sphingolipids by the dihydrosphingosine-1-P lyase Dpllp (Kihara, 2013). Phosphorylated Etn
and Cho are activated with CTP by cytidylyltransferases (Ectlp, ethanolamine phosphate
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cytidylyltransferase; and Pctlp, choline phosphate cytidylyltransferase) to CDP-Etn and CDP-
Cho, respectively (Min-Seok et al., 1996; Tsukagoshi et al., 1987; Carman & Han, 2011).
Finally, a reaction with DG catalyzed by the phosphotransferases Eptlp (ethanolamine
phosphotransferase) and Cptlp (choline phosphotransferase) leads to PE and PC (Hjelmstad
& Bell, 1987, 1988). DG used in the Kennedy pathway is derived from degradation of PA.
This reaction is reversible, and PA can be re-synthesized from DG by the DG kinase Dgklp
(Han et al., 2008a). The Kennedy pathway of PL synthesis is highly active and essential when
enzymes of the CDP-DG pathway are blocked. As an example, double deletions of CHO2 and
OPI3 in yeast lead to cell death if choline is not provided from the growth medium (Tanaka et
al., 2008).

Turnover of PL is provided by phospholipases and lipid phosphatases; and remodeling
of acyl chains within the PL molecules is achieved by acyltransferases and transacylases.
Some of these enzymes are specific for certain PL species, whereas others catalyze the
degradation of PL in an unspecific way (Henry et al., 2012). Phospholipases are categorized
in the four classes A, B, C and D. Representatives of these classes are the PC specific
phospholipases Ntelp, Plblp and Spol4p. The phospholipase Plblp also cleaves PE (Lee et
al., 1994). Cld1p acts a CL specific phospholipase A (Beranek et al., 2009), and Pgclp as a
PG specific phospholipase (Simockova et al., 2008). Non-specific phospholipases are encoded
by PLB2 and PLB3 (Merkel et al., 1999). Phospholipases B (Plblp, Plb2p and PIb3) produce
glycerophosphocholine  (GroPCho) and glycerophosphoinositol  (GroPIns)  through
degradation of PC and PI. These products are excreted into the growth medium, but can be re-
absorbed by the cell via the GroPCho/GroPIns transporter Gitlp (Patton-Vogt & Henry, 1998;
Patton-Vogt, 2007). Phospholipases C (Plclp and Pgclp) form DG, inositol and G3P which
can serve again as precursors for PL synthesis (Flick & Thorner, 1993; Simockova et al.,
2008). SPO14 encodes a phospholipase D which catalyzes degradation of PC leading to PA
and choline (Rudge & Engebrecht, 1999).

Besides phospholipases, phosphatases contribute to PL degradation by
dephosphorylation of different substrates. These enzymes, e.g. Ymrlp, Fig4dp, Inp51p, Inp54p
and Saclp, are either specific for a certain polyphosphoinositide, or they use any
polyphosphoinositide as a substrate such as phosphatases encoded by INP52 and INP53
(Henry et al., 2012). The lipid phosphate phosphatases Dpplp and Lpplp are also rather
unspecific but do not use polyphosphoinositides as substrates. They catalyze
dephosphorylation of DG pyrophosphate, LPA and PA, but also of sphingoid base and

isoprenoid phosphates (Wu et al., 1996; Toke et al., 1998a; Toke et al., 1998b). PA is also
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substrate of the specific PA phosphatase Pahlp which is involved in the de novo synthesis of
PL and TG (Han et al., 2007). Recently, a novel PA phosphatase encoded by APP1 has been
identified (Chae et al., 2012). In contrast, Phm8p cleaves LPA to monoacylglycerol and
phosphate (Reddy et al., 2008). However, PL are also modified by remodeling of their acyl
chains. Acyltransferases like Psilp and Tazlp, and the acyl-CoA binding protein Acblp
catalyze changes of the acyl chain composition of PL (Le Guédard et al., 2009; Rijken et al.,
2009). Additionally, triacylglycerol lipases encoded by TGL3, TGL4 and TGL5 were also
identified as acyltransferases involved in PL acyl chain remodeling (Rajakumari & Daum,
2010a, 2010b).

PL synthesis can be modulated by regulation of enzyme expression or by regulation of
enzyme catalytic activities. Gene expression is influenced by various growth conditions such
as temperature, growth medium, pH, and nutrients. Many cis- and trans-acting elements are
responsible for the regulation of gene expression. The inositol-responsive cis-acting element
(UAS|no) and the trans-acting factors Ino2p, Inodp and Opilp are prominent examples to
regulate different enzymes of the CDP-DG and the Kennedy pathway as well as the
transporters Itrlp and Hnml1p (Henry et al., 2012). The repressor Opilp competes with the
UAS|no for the binding of Ino2p. When Opilp binds Ino2p, the expression of Inolp is
repressed and the synthesis of inositol is blocked (Bailis et al., 1992; Lai & McGraw, 1994).
The activity of Opilp as a repressor is regulated by its cellular location. Under inositol rich
growth conditions, Opilp is found in the nucleus where it represses INO1 and other UAS|no
genes. Under inositol starvation Opilp is localized to the ER/nuclear membrane which allows
derepression of the UASno genes (Loewen et al., 2004; Wilson et al., 2011). The integral
membrane protein Scs2p and PA are necessary for the association of Opilp to the nuclear/ER
membrane due to the lack of a trans-membrane domain in the protein. Furthermore, the
interaction of the Opilp-Scs2p aggregate with the Yetlp-Yet3p complex is necessary to
maintain Opilp at the ER. Absence of Scs2p or Yet3p leads to nuclear localization and to an

increased repressor activity of Opilp (Loewen et al., 2004; Wilson et al., 2011).

PA levels can be regulated by several enzymes, but the PA phosphatase Pahlp and the
DG kinase Dgklp are the most important enzymes with that respect. Overexpression of Pahlp
leads to PA depletion and thus to increased repression of Inolp by Opilp in the nucleus. In
contrast, deletion of PAH1 stimulates PL synthesis (Han et al., 2006). The level of PA can be
enhanced by overexpression of Dgklp which leads to nuclear/ER membrane localization of

the repressor Opilp and to de-repression of UASo controlled gene expression thus
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increasing PL synthesis (Han et al., 2008b; Fakas et al., 2011). Dgklp expression itself is
regulated by the essential transcription factor Reblp which also activates the expression of
other lipid metabolic genes (Qiu et al., 2013). Besides this enzymatic regulation, the presence
of inositol or zinc in the growth medium as well as the growth phase affects the gene
expression under the control of UAS yo. Zinc activates the expression of these genes, whereas
inositol has the opposite effect. In the exponential growth phase, the expression of UASno
controlled genes is induced when inositol is absent, but the expression is also repressed even
when inositol is absent as cells enter the stationary growth phase (Griac & Henry, 1999;
Henry et al., 2012).

Regulation of PL synthesis can also occur via phosphorylation of enzymes at a serine
or threonine residue by protein kinases such as protein kinase A and C, casein kinase Il and
cyclin-dependent kinase (Choi et al., 2011). The repressor Opilp, the PS synthase Cholp, the
PA phosphatase Pahlp, the choline kinase Ckilp, and the CTP synthases encoded by URA7
and URA8 are regulated by phosphorylation (Carman & Han, 2011). As an example, the
Pah1p activity is reduced after phosphorylation of the enzyme by the Pho85p-Pho80p protein
kinase- cyclin complex, by the cyclin-dependent kinase 1 (Cdk1p = Cdc28p) or by the protein
kinase A (Choi et al., 2012; Su et al., 2012).

Sterols

While various cell compartments are involved in PL synthesis and degradation, the
synthesis of another class of membrane lipids, the sterols, mainly takes place in the ER.
Newly synthesized sterols formed in this organelle have to be transported to their final
destination. In fungi, the major sterol is ergosterol (Erg) which is the end product of the yeast
sterol biosynthetic pathway and the equivalent of mammalian cholesterol (Henneberry &
Sturley, 2005; Nielsen 2009). The sterol concentration in the ER is low but increased in
organelles of the secretory route with the highest concentration in the plasma membrane
(Zinser et al., 1993).

Sterols are necessary for maintaining membrane integrity and essential for the viability
of eukaryotic cells. Ergosterol consists of a four-ring structure, an acyl side chain and a
hydrophilic hydroxyl group which facilitates insertion into membranes. The structure of

ergosterol differs from cholesterol by two additional double bonds between C7 and C8 in the
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ring and between C22 and C23 in the side chain, respectively, and an additional methyl group
at C24 of the side chain (Sturley, 2000). Ergosterol is synthesized through a most complicated
pathway involving almost 30 enzymes known as Erg proteins (Figure 3). Yeast sterol
biosynthesis starts with condensation of two acetyl-CoA molecules to gain acetoacetyl-CoA
catalyzed by Ergl0p (Hiser et al., 1994). Condensation of a third acetyl-CoA to acetoacetyl-
CoA catalyzed by Ergl3p yields 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) (Miziorko,
2011) which is further reduced to mevalonate by the HMG-CoA reductases Hmglp and
Hmg2p (Basson et al., 1986). This step is a major metabolic check point due to feedback
inhibition of the reductases by sterol intermediates (Bard & Downing, 1981). In the next
reaction, mevalonate is phosphorylated by the mevalonate kinase Ergl2p (Oulmouden &
Karst, 1990). A further phosphorylation catalyzed by the Erg8p phosphomevalonate kinase
leads to mevalonate-5-pyrophosphate (Tsay & Robinson, 1991). Isopentenyl pyrophosphate
(IPP) is built in the next step through decarboxylation by the mevalonate pyrophosphate
decarboxylase Ergl9p (Berges et al., 1997). The IPP isomerase encoded by IDI1 converts IPP
into dimethylallyl pyrophosphate (DPP) (Anderson et al., 1989a) which condensates in the
next step with another IPP molecule to geranyl pyrophosphate (GPP). If an additional IPP
molecule is added, farnesyl pyrophosphate (FPP) is formed. Both reactions are catalyzed by
Erg20p, the geranyl/farnesyl pyrophosphate synthase (Anderson et al., 1989b). Then, squalene
synthase encoded by ERG9 forms squalene (SQ) from two molecules FPP (Jennings et al.,
1991). In an oxygen dependent reaction, epoxidation of SQ catalyzed by the SQ epoxidase
Erglp leads to squalene epoxide (Jandrositz et al., 1991) which is then metabolized to
lanosterol by the lanosterol synthase Erg7p (Corey et al., 1994). Conversion of lanosterol to
zymosterol is achieved by various demethylation, reduction and desaturation reactions
catalyzed by gene products of ERG11 and ERG24-ERG28. The sterol C-24 methyltransferase
Erg6p forms fecosterol from zymosterol, the isomerase Erg2p converts fecosterol to episterol
which is then further desaturated and reduced to the final product ergosterol. These last steps
are accomplished by the enzymes Erg3p, Erg5p and Erg4p, respectively (Kristan & Rizner,
2012).

Balance and regulation of sterol synthesis are very important to avoid accumulation of
free sterols which may become toxic for the cell. Regulation of sterol levels is mainly
achieved by feedback mechanisms at transcriptional, translational and post-translational
stages (Espenshade & Hughes, 2007). As examples, an excess of sterol induces proteasomal
degradation of the HMG-CoA reductase (HMGR) which leads to reduced sterol synthesis.

Targeting of HMGR to the proteasome is accomplished by the ER-associated protein
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degradation (ERAD) pathway. Recognition of HMGR by the ERAD component Hrdlp
requires the chaperones Nsglp and Nsg2p (homologs of mammalian INSIG proteins) and
specific sterol signals. Hrd1p, an ubiquitin ligase complex localized in the ER membrane, is
responsible for the release of HMGR from the ER to the cytoplasm where it is degraded by
the proteasome (Burg & Espenshade, 2011). Recently, another ERAD factor was identified as
an important regulator of sterol homeostasis. This ubiquitin ligase encoded by DOA10 is
controlled by intracellular lanosterol levels and necessary for degradation of the squalene
epoxidase Erglp (Foresti et al., 2013). Since sterol biosynthesis requires oxygen, a
transcriptional regulation of genes involved in this pathway is induced under oxygen reduced
conditions when sterol levels are low. The transcription factors Ecm22p and Upc2p are such
regulators which activate the transcription of sterol synthesizing enzymes by binding to the
sterol regulatory element (SRE) within the promoter region (Davies & Rine, 2006). Under
oxygen starvation, Upc2p also induces the expression of AUS1 and PDR11 which code for
ATP binding cassette transporters responsible for sterol uptake from the environment (Zavrel
etal., 2013).

Although multiple regulatory mechanisms for sterol homeostasis exist, yeast cells may
produce sterols in excess under aerobic conditions. To avoid toxic effects, yeast cells are
either able to store sterols in the form of steryl esters in lipid droplets (see below) or secrete
them as sterol acetates into the medium. Besides detoxification, sterol acetylation also
contributes to the elimination of damaged lipids. Sterol acetylation is catalyzed by the alcohol
acetyltransferase Atf2p; and deacetylation of sterol acetates is accomplished by the sterol
deacetylase Saylp (Tiwari et al., 2007). Both enzymes are localized to ER membranes. For
secretion into the environment, acetylated sterols have to be transported to the plasma
membrane. Pathogen-related yeast (PRY) proteins which were recently identified bind sterol
acetates, retain them soluble and facilitate their secretion (Choudhary & Schneiter, 2012).

Sterol transport between organelles as well as the release into the medium is mostly
ATP-dependent either in a vesicular or non-vesicular manner (Jacquier & Schneiter, 2012).
Non-selective transport of newly synthesized lipids from the ER to the PM appears to occur
by vesicle flux through the secretory pathway. It has been shown that ergosterol transport
from the ER to the PM is still maintained in a sec18 mutant where vesicular transport is
inactive. This result suggested that other, non-vesicular transport routes are available
(Sullivan et al., 2006). Due to the insolubility of sterols in aqueous solution, lipid transport

was assumed to occur through organelle membrane contact or lipid binding/transfer proteins.
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Such soluble proteins transiently “solubilize” bound lipids during the transport process. In
yeast seven proteins harboring such a function have been identified. They are homologs of the
mammalian oxysterol-binding proteins and were named Osh proteins (Osh1-Osh7) (Schulz &
Prinz, 2007). Lack of all seven Osh proteins leads to cell death accompanied by increased
intracellular ergosterol levels. Most Osh proteins are localized to membrane contact sites (Beh
et al., 2001). Recently, participation of Osh proteins in sphingolipid (SL) homeostasis was
also suggested through studies with Oshdp (Keslp) (LeBlanc et al., 2013). This protein
activates the phosphatidylinositol-4-phosphate (P1-4-P) phosphatase Saclp, which produces a
pool of Pl as a precursor for the synthesis of SL by dephosphorylation of PI-4-P (Brice et al.,
2009). Deletion of OSH4 altered SL levels dramatically which prevented a correct
incorporation of the membrane raft associated plasma membrane ATPase Pmalp into the
plasma membrane. Pmalp is normally transported from the Golgi to the PM induced by SL

signaling (LeBlanc et al., 2013).

Another protein which is involved in sterol transport and exogenous sterol uptake is
encoded by ARV1. Deletion of this gene leads to increased sterol levels in the ER and in
vacuolar membranes and to decreased sterol incorporation into the plasma membrane
(Tinkelenberg et al., 2000). Furthermore, involvement of Arvlp in SL homeostasis has been
reported (Swain et al., 2002); and most recently, Ruggles et al. (2013) identified Arvlp as
protective factor against lipotoxicity due to modulation of fatty acid metabolism (Ruggles et
al., 2013).

Defects of the human sterol transporters hNpclp and hNpc2p cause cholesterol
accumulation in lysosomes and are involved in the neurodegenerative Niemann-Pick type ¢
disease (Liscum, 2000; Munkacsi et al., 2007). In S. cerevisiae, Ncrlp and Npc2p were
identified as homologs of the human proteins. Both enzymes functionally complement the
loss of the respective human orthologs. However, deletion of NCR1 or NPC2 neither showed
severe growth defects nor effects on the sterol distribution of the cells (Malathi et al., 2004;
Zhang et al., 2004; Berger et al., 2005).

Sphingolipids

Sterol and SL homeostasis comprises a complex interfering network (Swain et al.,

2002). Concerted regulation may arise from the same site of sterol and SL synthesis. As for
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sterols, the ER is also the major site of SL synthesis. Consequently, SL have to be transported
to other organelles, especially to the plasma membrane where the highest SL concentration is
found.

The basic unit of yeast SL contains a long chain base (LCB) (sphingoid backbone); a
saturated fatty acid which is amide-linked to the LCB to form a ceramide (Cer); and an
inositol phosphate which is attached to the Cer at C1 (Schneiter, 1999). De novo synthesis of
SL (Figure 4) starts with condensation of a serine and a fatty acyl-CoA, mostly palmitoyl-
CoA or stearyl-CoA, catalyzed by the serine palmitoyltransferase (SPT) complex. SPT exists
of three enzymes encoded by LCB1, LCB2 and TSC3 (Nagiec et al., 1994; Gable et al., 2000).
The product of this reaction, 3-ketodihydrosphingosine (ketosphinganine), is further
converted to dihydrosphingosine (DHS) by the 3-ketosphinganine reductase Tsc10p (Beeler et
al., 1998). DHS is the first LCB which can be hydroxylated by Sur2p to another LCB, namely
phytosphingosine (PHS). Both LCBs can enter two possible routes. The first option includes
phosphorylation catalyzed by Lcb4p and Lcb5p and further degradation by the DHS
phosphate lyase Dpllp to hexadecanal and ethanolamine-1-phosphate which is recycled for
PL synthesis. This phosphorylation step is reversible, and the reverse reaction is catalyzed by
Lcb3p (Ysr2p) and Ysr3p (Dickson & Lester, 2002). The second route leads to complex SL.
The ceramide synthase complex, comprising Laglp, Laclp and Liplp, catalyzes acyl-CoA
dependent acetylation of the LCB with VLCFA to vyield dihydroceramide (DHCer) and
phytoceramide (PHCer) (Schorling et al., 2001; Vallee & Riezman, 2005). Palmitoyl-CoA
serves as precursor for the synthesis of VLCFA in the ER. The elongation of the FA is
accomplished by enzymes encoded by the three genes ELO2, ELO3 and TSC13 (Oh et al.,
1997; Kohlwein et al., 2001); and the protein Acblp serves as an acyl-CoA transporter to the
elongation machinery (Gaigg et al., 2001). After incorporation into DHCer or PHCer, the
VLCFA can be modified by a-hydroxylation catalyzed by Scs7p (Haak et al., 1997).
Recently, it was demonstrated that the two acyltransferases Dgalp and Lrolp, which were
originally identified as TG synthases, are also responsible for O-acetylation of Cer. This
process may serve as a storage or detoxification pathway of Cer (Voynova et al., 2012).
Minor ceramide synthase activity was also assigned to the alkaline dihydroceramidases Ydclp
and Ypclp, especially in the absence of the ceramide synthase complex. Under normal
conditions, however, Ydclp and Ypclp catalyze hydrolysis of DHCer/PHCer to FFA and
DHS/PHS (Mao et al., 2000a; 2000b).
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Ceramides are simple SL molecules without head groups. The first more complex
yeast SL in the biosynthetic pathway is formed by addition of an inositol phosphate group to
ceramide. This reaction is accomplished by the inositolphosphoryl ceramide (IPC) synthase
Aurlp yielding IPC (Nagiec et al., 1997). The activity of Aurlp is regulated by Keilp, an
essential protein which forms a complex with Aurlp. Absence of Keilp results in reduced
IPC synthesis and mis-localization of Aurlp from the Golgi apparatus to vacuoles (Sato et al.,
2009). It was shown that deletion of the SAC1 gene, which produces P1 by dephosphorylation
of PI-4-P, limits the availability of PI for the synthesis of IPC by Aurlp accompanied by
decreased formation of complex SL and increased amounts of LCB. SL synthesis was not
completely blocked indicating that another source of PI is used for this synthesis pathway
(Brice et al., 2009). Furthermore, reduction of IPC synthesis to 50 % occurs during inositol
starvation (Jesch et at., 2010), while inositol supplementation increases the level of complex
SL and reduces ceramide levels (Alvarez-Vasquez et al., 2005). The next component in the
pathway, mannose-inositolphosphoryl ceramide (MIPC), is formed from IPC by
mannosylation with the aid of the Csglp, Csg2p and Cshlp complex (Uemura et al., 2003). If
a second inositol phosphate group is attached to MIPC by Iptlp, mannose-
diinositolphosphoryl ceramide (M(IP),C) is synthesized (Dickson et al., 1997).

Catabolism of inositol containing SL is achieved by inositolphosphosphingolipid
phospholipase C encoded by ISC1. This enzyme is activated by anionic PL (PS, CL and PG)
and hydrolyzes the head groups of the complex SL to yield the ceramides DHCer and PHCer
(Sawai et al., 2000). These ceramides are further cleaved to FFA and LCB (DHS and PHS) by
Ydclp and Ypclp. Phosphorylation of LCB catalyzed by Lcb4p and Lcb5p vyields
phosphorylated intermediates (DHS-P and PHS-P) which are further degraded by the DHS
phosphate lyase Dpllp to hexadecanal and ethanolamine-1-phosphate as already mentioned
above. The resulting ethanolamine-1-phosphate enters the Kennedy pathway as a precursor
for the synthesis of PE (Schuiki et al., 2010). Thus, metabolic routes of the major lipid classes
are linked to each other, although details of this complex, wide spreading network still need to

be elucidated.

The biosynthesis of yeast SL has been investigated intensively in the past, but little is
known about the regulation of SL metabolism and homeostasis. One mechanism of
regulation, which connects the protein quality control and SL biosynthesis has been reported
recently (Han et al., 2010). The ER proteins Orm1p and Orm2p bind to the SPT and inhibit its
activity. Double deletion of ORM1 and ORM2 leads to increased LCB levels. Furthermore,
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the unfolded protein response (UPR) in the ER is constitutively activated, the stress resistance
is decreased and the ER-to-Golgi transport is compromised. Orm proteins can be inactivated
by phosphorylation. This reaction is catalyzed by the protein kinase Ypk1p which is induced
when SL synthesis is impaired and should be restored, or under heat stress conditions
(Roelants et al., 2011). As a response to low SL levels, the plasma membrane proteins SIm1p
and SIm2p stimulate the target of rapamycin complex 2 (TORC2) which further activates the
protein kinase Ypklp (Niles & Powers, 2012). TORC1 controls the phosphorylation of Orm
proteins as response to nutrients. Nitrogen starvation inhibits TORC1 which leads to increased
Orm protein phosphorylation by the protein kinase Nprlp, while excess of nutrients results in

the opposite effect (Shimobayashi et al., 2013).

Another event regulating SL synthesis is phosphorylation of Lcb4p. The interaction of
the cyclin dependent kinase Pho85p with its two cyclin partners encoded by PCL1 and PCL2
leads to phosphorylation of Lcb4p decreasing the concentration of sphingoid base phosphates
(Iwaki et al., 2005). Some SL synthesizing enzymes like Iptlp, Lcb2p, Sur2p and Laclp
contain a pleiotropic drug response element (PDRE) within their promoter region. Upon
stimulation, the transcriptional activators Pdrlp and Pdr3p bind to these elements, induce

gene expression and thus SL synthesis (Kolaczkowski et al., 2004).

These findings suggest a coordinated regulation of the plasma membrane lipid
composition by transcriptional activation of SL biosynthesis and activity of membrane
transporter proteins. As described above, a connection between SL and PL synthesis, sterols
and plasma membrane lipid composition has also been shown for Osh4p. It functions as
activator of the Pl synthesizing enzyme Saclp. Noteworthy, the produced Pl is further used
for the synthesis of SL (Alfaro et al., 2011).

Synthesis and storage of non-polar lipids

Yeast cells are able to overcome a possible toxic effect of sterols and free fatty acids
(FFA) by converting them into largely inert molecules and storing them in special organelles.
Sterols are esterified to steryl esters (SE), and FFA are linked to a glycerol backbone to form
triacylglycerols (TG). These non-polar lipids are not suitable as membrane constituents, but
serve as energy source and precursors for membrane lipid synthesis. The storage organelles of
these lipids are the so-called lipid droplets (LD) (Zweytick et al., 2000a). Biogenesis of LD is

still a matter of dispute. Two models, the “lensing model” and the “bicelle formation model”,
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suggest that LD bud off from the ER when TG accumulate between the two leaflets of the ER
membrane and a critical size has been reached (Walther & Farese, 2009). The “lensing
model” describes the formation of the envelope only from the outer leaflet of the ER
membrane (Guo et al., 2009), whereas the “bicelle formation model” suggests development of
the PL monolayer from both ER membrane leaflets (Ploegh, 2007). Another possibility of LD
formation is defined by the “secretory vesicle model” which is based on the evolvement of
LD from secretory vesicles which are filled with TG. However, recent evidence is more in
favor with the budding models (Guo et al., 2009; Kohlwein et al., 2013).

Mature LD have a diameter of about 300 - 400 nm and are covered by a PL monolayer
which contains a small amount of proteins (Tauchi-Sato et al., 2002). This surface monolayer
of LD consists mostly of PC, Pl and PE. Proteome analysis identified many LD proteins as
enzymes of lipid metabolism (Athenstaedt et al., 1999; Grillitsch et al., 2011; Natter et al.,
2005). Most LD proteins do not contain transmembrane domains, and many of them appear to
be dually localized to LD and to the ER. When TG and SE synthesis is blocked, LD are no
longer formed and LD proteins remain in the ER (Sandager et al., 2002; Sorger et al., 2004;
Schmidt et al., 2013). The ratio of TG to SE in LD from S. cerevisiae is approximately 1:1
(Leber et al., 1994). The core of LD made of TG is surrounded by several shells of SE
(Czabany et al., 2008).

As already mentioned above, a central precursor for TG and PL synthesis is PA
synthesized from glycerol-3-phosphate (G3P) or dihydroxyacetone phosphate (DHAP) (see
Figure 2). If PA is cleaved by the phosphatidate phosphatase Pahlp to diacylglycerol (DG) it
becomes the direct precursor for TG synthesis. Dpplp, Lpplp and Applp also exhibit minor
phosphatidate phosphatase activity (Han et al., 2006; Chae et al., 2012). Other pathways of
DG formation are degradation of PL by phospholipases or deacetylation of TG. For the
formation of TG, the intermediate DG has to be acetylated at the sn-3 position. This step can
be accomplished in an acyl-CoA independent or dependent reaction (Oelkers et al., 2000;
Sorger & Daum, 2002). The acyl-CoA independent reaction utilizes PL as acyl donor. The
gene product of LRO1 transfers an acyl group mainly from PC and PE to the sn-3 position of
DG (Oelkers et al., 2000). Dgalp, the other acyltransferase, requires oleoyl-CoA or palmitoyl-
CoA as co-substrates (Sorger & Daum, 2002). The two SE synthases Arelp and Are2p are
also able to catalyze acyl-CoA dependent TG formation, although only with minor efficiency
(Oelkers et al., 2002). Lrolp and the two SE synthases are located to the ER, whereas dual
localization of Dgalp to LD and the ER has been reported (Sorger & Daum, 2003). Presence

35



Chapter Il Yeast lipid metabolism at a glance

of all four enzymes in the ER makes this organelle the major site of storage lipid synthesis
(Jacquier et al., 2011). Recently, Dgalp and Lrolp were also described to O-acetylate
ceramides (Voynova et al., 2012).

SE are formed by reaction of an activated FA, mainly palmitoyl-CoA and oleyl-CoA,
with the hydroxyl group at the C3-position of a sterol molecule (see Figure 3). The two
enzymes catalyzing this reaction, Arelp and Are2p, share about 50 % sequence homology but
differ in their substrate specificities. Both enzymes use ergosterol as a substrate, but Arelp
preferentially esterifies sterol intermediates like lanosterol (Yang et al., 1996; Zweytick et al.,
2000b). Under standard growth conditions Are2p functions as the major SE synthase, but
under anaerobic growth conditions when ergosterol biosynthesis is blocked esterification of
ergosterol precursors by Arelp is enhanced (Valachovic et al., 2001). In an arelAare2A
double mutant SE synthesis is completely inhibited suggesting that the two Are proteins are
the only SE synthases in yeast. Interestingly, the double mutation does no influence the
growth phenotype, although the total sterol pattern is changed. In such strains, the overall
sterol biosynthesis is decreased, but the level of free sterol is increased (Zweytick et al.,
2000b). These findings suggest that sterol biosynthesis and SE formation are connected
through a regulatory mechanism. Indeed, in the double mutant strain the expression of Erg3p,
a sterol synthesizing enzyme, is down-regulated; and the squalene epoxidase Erglp is
destabilized leading to a block in sterol synthesis (Arthington-Skaggs et al., 1996; Sorger et
al., 2004). Furthermore, Arvip has been identified as essential component in the absence of
sterol esterification (Tinkelenberg et al., 2000). Deletion of ARV1 in the arelAare2A double
mutant strain leads to synthetic lethality, changes in the cellular sterol level and composition,
decreased sterol uptake and de novo synthesis, and restricted synthesis of complex SL. For
biochemical investigations a gene knockdown strain has been recently applied, where the
ARV1 expression was decreased through perturbation of the mRNA (Ruggles et al., 2013).

A quadruple mutant lacking Dgalp, Lrolp, Arelp and Are2p and thus the complete
storage lipid formation machinery cannot form non-polar lipids and LD. Nevertheless, this
strain is viable and shows only minor alterations in the growth behavior under standard
conditions (Sandager et al., 2002). Growth of the quadruple mutant on oleate, however, leads
to a lipotoxic effect resulting in growth retardation and changes in the membrane lipid
composition (Petschnigg et al., 2009; Connerth et al., 2010). Electron and fluorescence
microscopic studies revealed morphological alterations due to lipotoxic stress. In the

quadruple mutant, an excess of unsaturated FA is directed to phospholipid synthesis resulting
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in enhanced proliferation and enlargement of ER membranes. These data demonstrate that FA
uptake is not limited by the cellular requirements; FA are channeled to membrane
phospholipid synthesis in the absence of TG synthesis; UPR is not involved in enhanced
membrane proliferation in mutants defective in TG synthesis; and FA-induced cell death is
not an immediate response to oleic acid exposure, but rather the consequence of induced

defects in membrane trafficking.

If required, yeast cells can mobilize TG and SE to provide sterols, FA and DG for the
synthesis of membrane lipids or for the production of energy. Degradation of TG is mainly
achieved by the TG lipases Tgl3p, Tgldp and Tgl5p which are located to LD (Athenstaedt &
Daum, 2003; 2005) (see Figure 2). In the absence of LD, Tgl3p is retained in the ER without
exhibiting lipase activity (Schmidt et al., 2013). Recently, Ayrlp which was originally
identified as a 1-acyl DHAP acyltransferase (Athenstaedt & Daum, 2000) was shown to act
also as a TG lipase (Ploier et al., 2013). So far, no specific yeast DG lipase has been
identified, but Tgl3p was shown to use also DG as substrates, although at low activity (Kurat
et al., 2006). Degradation of monoacylglycerols (MG) is accomplished by the MG lipase
Yju3p (Heier et al., 2010). An additional TG lipase encoded by TGL2 and localized to
mitochondria has also been identified, but its physiological role remained obscure (Ham et al.,
2010).

The gene products of TGL1, YEH1 and YEH2 were identified as SE hydrolases which
cleave SE to sterols and FFA (Mdallner et al., 2005; Koffel et al., 2005). Tgllp and Yehlp are
components of LD, but Yeh2p, the major SE hydrolase under standard conditions, is located
to the cell periphery, most likely to the plasma membrane. A tgl1Ayeh1Ayeh2A triple deletion
leads to complete loss of SE degradation suggesting that these genes encode the only SE
hydrolases in yeast (Koffel et al., 2005). Under anaerobic conditions, mobilization of SE is
accomplished only by Yehlp while the two other hydrolases are completely inactive (Koffel
& Schneiter, 2006).

Non-polar lipids of the yeast have been regarded only as storage molecules for a long
time, but recent studies revealed other functions, especially of TG. An involvement of TG in
iron, PL and SL metabolism, lipotoxicity and cell cycle progression has been described
(Kohlwein, 2010). It has been demonstrated that TG degradation by Tgl4p is activated by
cyclin-dependent protein kinase 1 (CDKZ1) at the checkpoint between the Gapl phase and the
DNA synthesis phase in the cell cycle (Kurat et al., 2009). Deficient lipolysis requires FA

supply from de novo synthesis and delays the cell cycle. CDK1 is also involved in the down-
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regulation of TG synthesis by phosphorylation of Pahlp. Inhibition of Pahlp occurs between
the Gap2 phase and the mitosis in the cell cycle (Choi et al., 2011). These findings suggest
concerted regulation of TG lipolysis, TG synthesis, PL metabolism and cell growth.

Recently, the LPA acyltransferase Loalp localized to the ER was also shown to play a
regulatory role in LD biogenesis and TG formation (Ayciriex et al., 2012). Deletion of LOA1
yielded enhanced amounts of LD but at smaller sizes, whereas overexpression showed exactly
the opposite effect. Loss of Loalp reduced the level of oleic acid containing PA, PC, DG and
TG species and simultaneously increased the amount of molecular species containing C16
acyl chains in these lipids. Deletion of LDH1 was also demonstrated to affect the size of LD
and lead to accumulation of storage lipids and PL, suggesting a role of of this protein in
mobilization of storage lipids from LD (Debelyy et al., 2011). Ldh1p which was identified as
LD protein harbors minor TG lipase activity and is involved in TG and PL metabolism. The
morphology of LD was also shown to be subject of regulation (Fei et al., 2008). Deletion of
the yeast seipin homologue FLD1 enhances the amounts of non-polar lipids, leads to an

increased size of LD, and provokes aggregation of LD.

Conclusion and perspectives

Sequencing of the S. cerevisiae genome has set the stage for identifying and characterizing
genes and gene products involved in lipid metabolism. The homology of yeast genes to those
of higher eukaryotes has led to substantial progress in the field of lipid research and to a better
general understanding of the role of lipids in various cellular processes. Nevertheless, a
number of questions still remained open. While lipid metabolic pathways and most of the
enzymes involved have been studied in some detail, regulatory aspects on the transcriptional
level, by lipids themselves or by the influence of different growth conditions still need
clarification. Also the field of lipid sensing and signaling requires further elucidation. Finally,
studies of lipid transport between organelles and the assembly of lipids into cellular
membranes will be a task for the future. Such investigations will lead to a better

understanding of the links within the lipid metabolic and dynamic networks.
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Table 1: Phospholipid composition of organelles from S. cerevisiae.

Phospholipid compositions of yeast cells and organelles are shown as summarized previously
by Zinser et al, 1991; and Horvath et al., 2011. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; CL, cardiolipin;
PA, phosphatidic acid; others, other phospholipids such as lyso-phospholipids,
phosphatidylglycerol, dimethylphosphatidylethanolamine; nd, not detectable.

Mol % of total phospholipids
Cell Fraction PC PE Pl PS CL | PA | others
Homogenate 51.0 | 25.0 114 5.1 3.7 1.1 2.7
Plasma membrane 113 | 246 | 272 | 322 nd 3.3 1.4
Endoplasmic reticulum 389 | 186 | 224 6.4 03 | 34 10.0
Mitochondria 334 | 22.7 20.6 3.3 7.2 1.7 10.1
Peroxisomes 39.8 | 174 | 220 2.5 27 | 6.1 10.5
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Figure 1: Fatty acid metabolism in the yeast S. cerevisiae

Fatty acids are derived from (i) degradation of storage and complex lipids; (ii) de novo
synthesis; and (iii) uptake from the environment. They can be incorporated into storage lipids
or complex membrane lipids, or degraded by B-oxidation. Enzymes catalyzing these processes

are described in the text.
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Figure 2: Phospholipid and triacylglycerol biosynthesis in the yeast S. cerevisiae

Phosphatidic acid serves as a central intermediate in the biosynthesis of phospholipids and triacylglycerols. The different branches of the
glycerolipid biosynthetic network, the lipid products and the enzymes involved are described in the text. Glu-6-P, glucose-6-phosphate; Ins-3-P,
inositol-3-phosphate; Ins, inositol; acyl-DHAP, acyldihydroxyacetone phosphate; G3P, glycerol-3-phosphate; lyso-PA, lysophosphatidic acid; CDP-
DG, cytidinediphosphatediacylglycerol; TG, triacylglycerol; MG, monoacylglycerol; Gro, glycerol; (F)FA, (free) fatty acids; CoA, Coenzyme A;
PGP, phosphatidylglycerolphosphate; PG, phosphatidylglycerol; PME, phosphatidylmethylethanolamine; PDME, phosphatidyldimethyl-
ethanolamine; CDP-Etn, cytidinediphosphate ethanolamine; Etn, ethanolamine; Etn-P, ethanolamine phosphate; Cho, choline; Cho-P, choline
phosphate; CDP-Cho, cytidinediphosphate choline; MLCL, monolysocardiolipin; PI, phosphatidylinositol; PS, phosphatidylserine; PE,
phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin.
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Figure 3: Sterol and sterol ester metabolism in the yeast S. cerevisiae

The graph shows an overview of synthesis intermediates, end products and enzymes which

are involved in the individual steps of sterol metabolism. CoA, Coenzyme A; HMG-CoA, 3-

hydroxy-3-methylglutaryl-CoA; P, phosphate; LD, lipid droplet.
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Figure 4: Sphingolipid metabolism in the yeast S. cerevisiae.

The biosynthetic network of sphingolipid synthesis in the yeast with the most important intermediates, end products and enzymes is shown. For a
detailed description see text. P, phosphate; PP, pyrophosphate; CoA, Coenzyme A; VLCFA, very long chain fatty acid,
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Summary

Pichia pastoris is widely used for heterologous protein expression but fundamental
knowledge about its cell biology is largely missing. Since eukaryotic cells are
compartmentalized and have an internal endomembrane system, techniques which allow
isolation of these compartments (organelles) or subcellular membranes are required for
studying various aspects of cell biology such as organelle biogenesis, membrane traffic,
segregation of metabolic pathways and metabolite transport inside the cell. Many reliable
protocols for cell fractionation were designed for the model yeast Saccharomyces cerevisiae.
We adopted and modified these methods to study organelles from Pichia pastoris which is
frequently used for applied biotechnology and industrial purposes. In this chapter we will
describe optimized protocols for the isolation of the most important organelles from Pichia

pastoris and briefly address applications of these techniques for cell biological investigations.

Key words

Organelles, endoplasmic reticulum, plasma membrane, vacuole, Golgi, lipid droplets,

peroxisomes, mitochondria
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1 Introduction

Eukaryotic cells are structurally and functionally organized in compartments called
organelles. These structures are surrounded by lipid membranes with specific membrane
proteins embedded. Membranes segregate the interior of organelles from the environment and
therefore allow spatial separation of metabolic pathways inside the cell. Each organelle has its
distinct subset of membrane and luminal proteins which fulfill structural, metabolic or
regulatory functions. Such proteins can be localized exclusively to one organelle but may also
be present in several compartments with related functions. To address the various questions of
cell biology, molecular biology and biochemistry, isolation of organelles and cellular
membranes is required. These methods are also employed to study cell biology of the yeast
Pichia pastoris in fundamental and applied research. As examples, isolated organelles can be
used to investigate their biogenesis, structural or functional properties, their components by -
omics studies, and the role of individual enzyme, metabolic pathways or transport processes
(1-3). Recombinant proteins which are expressed heterologously in Pichia pastoris move in
many cases gradually from their site of synthesis to the cell periphery. The process of protein
secretion which includes protein folding and protein modifications is linked to vesicle flux
from the endoplasmic reticulum via Golgi to the plasma membrane. Production and secretion
of proteins may lead to their accumulation in a certain organelle or in the cytoplasm (4, 5).
Also in this case, organelle isolation techniques are useful tools to follow the traffic routes of

such recombinant proteins.

Here we describe optimized protocols designed for isolation and quality control of
organelles from Pichia pastoris. Techniques for yeast organelle isolation with a focus on
Saccharomyces cerevisiae were established and described previously (6). Most of these
methods are based on cell disruption and a combination of differential and density gradient
centrifugation steps followed by quality control of the obtained fractions (7). Although some
general principles and strategies can be applied for cell fractionation of different yeast
species, each isolation procedure should be optimized for each cell type and for different
culture conditions. In this chapter, we provide guidelines for the isolation of subcellular
fractions from Pichia pastoris. Moreover, we describe the quality control of organelles which
is essential for the evaluation of cell fractionation and for subsequent cell biological

investigations.
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2 Materials

2.1

Equipment

The basic equipment required is similar for most organelle preparation procedures.

1.
2.

2.2

221

M

222

2 L shaking flasks with baffles.

High speed centrifuge, fixed angle rotors (e.g., SLC-3000, F21S) and centrifugation
tubes (500 and 50 ml).

Ultracentrifuge, swing-out rotors (e.g., AH629, TH641), fixed angle rotor (e.g., T865)
and centrifuge tubes.

Dounce homogenizer with large clearance pestle (L-pestle).

Cell disruptor with cooling device.

Glass beads, diameter 0.3 mm.

Reagents

Spheroplast preparation

Buffer SP-A: 0.1 M Tris/SQy4, pH 9.4.

Buffer SP-B: 1.2 M sorbitol in 20 mM KH,PO4/KOH, pH 7.4.
Dithiothreitol (DTT).

Zymolyase (see Note 1).

Isolation of peroxisomes

Growth media containing methanol or oleic acid (see Note 2).

Buffers and chemicals for spheroplast preparation (see section 2.2.1.).

Breaking buffer: 5 mM MES, pH 6.0, 1 M sorbitol, 1 mM KCI, 1 mM Na,EDTA, 0.1
% ethanol, 2 mM phenylmethylsulfonyl fluoride (PMSF).

Gradients: 50 %, 35 %, 30 % and 24 % Accudenz (w/v) in 5 mM MES, pH 6.0, 1 mM
KCI, 0.24 M sucrose.

10 mM Tris/HCI, pH 7.4.
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2.2.3 Isolation of mitochondria and microsomes
1. Growth media have to be chosen according to experimental requirements (see Note 3).
2. Buffers and chemicals for spheroplast preparation (see section 2.2.1.).
3. Buffer C: 0.6 M mannitol, 10 mM Tris/HCI, pH 7.4.
4. Buffer D: 10 mM Tris/HCI, pH 7.4.
5. 1 M PMSF stock in dimethylsulfoxid (DMSO).

2.2.4 Isolation of Golgi
1. Growth media should be chosen according to experimental requirements.
2. Buffers and chemicals for spheroplast preparation (see section 2.2.1.).
3. Lysis buffer: 0.6 M sorbitol, 10 mM triethanolamine hydrochloride/NaOH, pH 7.2, 1
mM EDTA.
MES buffer: 10 mM Mes/Tris, pH 7.2.
Tris buffer: 10 mM Tris/HCI, pH 7.4.
40 % sucrose/MES: 40 % sucrose, 60 % MES buffer.
35 % sucrose/MES: 35 % sucrose, 65 % MES buffer.
30 % sucrose/MES: 30 % sucrose, 70 % MES buffer.
25 % sucrose/MES: 25 % sucrose, 75 % MES buffer.
10. 5 M sorbitol.
11. 1 M PMSF stock in DMSO.

© o N o g b

2.2.5 Isolation of vacuoles

Any rich growth media.

Buffers and chemicals for spheroplast preparation (see section 2.2.1.).
Stock solution: 10 mM MES/Tris, pH 6.9, 0.2 mM EDTA, 2 mM PMSF.
Breaking buffer: 12 % Ficoll (w/w) in stock solution.

6 % Ficoll (w/w) in stock solution.

3.5 % Ficoll (w/w) in stock solution.

N o a k~ w D oE

1.5 % Ficoll (w/w) in stock solution.

2.2.6  Isolation of lipid droplets
1. Any rich growth media.

2. Buffers and chemicals for spheroplast preparation (see section 2.2.1.).
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I

2.2.7
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Stock solution: 10 mM MES/Tris, pH 6.9, 0.2 mM EDTA, 2 mM PMSF.
Buffer LD-A: 12 % Ficoll (w/w) in stock solution.

Buffer LD-B: 4 % Ficoll (w/w) in stock solution.

Buffer LD-D: 0.25 M Sorbitol in stock solution.

Isolation of plasma membrane

Any rich growth media.

Solution 1: 0.5 M Tris/HCI, pH 8.5.

Solution 2: 0.5 M EDTA/NaOH, pH 8.0.

TE buffer: 10 mM Tris/HCI, 0.2 mM EDTA, pH 7.5.

TED: 10 mM Tris/HCI, 0.2 mM EDTA, pH 7.5, 0.2 mM DTT (see Note 4).
TEDG buffer: 80 % TE buffer, 20 % glycerol, 0.2 mM DTT, pH 7.5. (see Note 4).
53 % sucrose/TED: 53 % sucrose, 47 % TE buffer, 0.2 mM DTT (see Note 4).

43 % sucrose/TED: 43 % sucrose, 57 % TE buffer, 0.2 mM DTT (see Note 4).
MES buffer: 5 mM MES, 0.2 mM EDTA, pH 6.0.

. 53 % sucrose/MES: 53 % sucrose, 47 % MES buffer.
. 43 % sucrose/MES: 43 % sucrose, 57 % MES buffer.
. 38 % sucrose/MES: 38 % sucrose, 62 % MES buffer.
. 1 M PMSF stock in DMSO.

. Dithiothreitol (DTT).

3 Methods

3.1 Spheroplast preparation

Yeast spheroplast preparation based on the treatment with Zymolyase® 20T has been

described previously (8). This procedure is prerequisite for most isolation protocols described

here and allows digestion/removal of the cell wall making cells susceptible for gentle

mechanical and osmotic disintegration.

1.

When the culture has reached the desired growth phase, cells are harvested by
centrifugation at 2,500 x g for 4 min.
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3.2

Cell pellets are washed once with deionized water and the cell wet weight (CWW) is
estimated.

Suspend cells in pre-warmed (30°C) buffer SP-A: Use 0.5 g CWW/mlI buffer and add
0.66 mg/ml DTT per ml SP-A. Incubate with shaking at 30°C for 10 min.

Centrifuge cells at 2,500 x g for 4 min. Remove supernatant, wash cell pellet with 1-2
volumes buffer SP-B and centrifuge at 2,500 x g for 4 min.

Resuspend cell pellet in pre-warmed (30°C) buffer SP-B. Use 0.15 g CWW/ml, add
Zymolyase 20T (2 mg/g CWW) and incubate with shaking at 30°C.

Conversion of whole cells to spheroplasts takes approximately 30-60 minutes (see
Note 5).

Harvest spheroplasts by centrifugation at 2,500 x g for 4 min. Remove supernatant
carefully without suspending the pellet.

Wash spheroplasts with ice-cold SP-B and centrifuge as described above (see Note 6).

After this step, spheroplasts are ready for disintegration.

Isolation of peroxisomes

The protocol for the isolation of peroxisomes from Pichia pastoris was adapted from

procedures described previously (1, 9).

1.

Inoculate YPM or YPO media with an aliquot of a YPD grown preculture to an ODggo
of 0.1. Grow cells to the late logarithmic phase in shaking flasks at the desired
temperature. The time of cultivation depends on the growth conditions. Typically, 3-5
L main culture will yield peroxisome samples with a total amount of 1.5-2 mg protein.
Harvest cells and prepare spheroplasts (see section 3.1.).

Preparation of homogenate: Add an equal volume of breaking buffer and disintegrate
spheroplasts with 10 strokes in a Dounce Homogenizer using a loose (L) fitting pestle.
Save an aliquot of the homogenate if needed and store at -80°C.

Centrifuge the homogenate for 5 min at 3,000 x g to remove cell debris and high
density components. Collect supernatant in a fresh tube. Resuspend the pellet in an
equal volume of breaking buffer and repeat homogenization and centrifugation.
Discard pellet and combine cell-free supernatants.

Centrifuge supernatant at 30,000 x g for 30 min.

Discard supernatant, add 2-3 volumes of breaking buffer to the pellet and resuspend in
a Dounce homogenizer by 3-5 strokes.
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7.

3.3

Load suspension on top of a step gradient composed of 5 ml 50 %, 10 ml 35 %, 10 ml
30 %, 7ml 24 % of Accudenz (w/v) in 5mM MES, pH 6.0, I mM KCI, 0.24 M
sucrose (see Note 7).

Centrifuge gradient at 122,000 x g for 2 h. After centrifugation, peroxisomes form a
band at the interface of 35 % and 30 % Accudenz. Collect the peroxisomal fraction
carefully with a syringe by inserting the needle from the side of the tube. As a
byproduct of this centrifugation step, a fraction enriched in mitochondria can be
collected from the 30 % - 24 % Accudenz interphase.

Wash peroxisomes with 4 volumes of breaking buffer and centrifugation at 30,000 x g
for 30 min. Remove supernatant. The pellet containing purified peroxisomes can be

suspended in a small volume of any buffer for further analysis.

Isolation of mitochondria

The isolation of mitochondria from Pichia pastoris has been reported previously (2).

1.

Pre-cultures grown to the stationary phase are used for inoculating main cultures in
Erlenmeyer flasks with baffles. Cells are grown at the desired cultivation conditions
(temperature, growth media and carbon source, aeration). Typically, cells are
harvested when they have reached the late exponential growth phase (see Note 8).
Harvest cells by centrifugation at room temperature (RT) at 2,500 x g for 5 min.

Wash cells with deionized water and prepare spheroplasts (see section 3.1.).

Suspend spheroplast pellet in buffer C (1 ml/g CWW) and add 1 M PMSF (2 ul/g
CWW).

Transfer cells into a Dounce homogenizer and disintegrate them with 15 strokes on ice
using an L-pestle.

Centrifuge for 5 min at 5,100 x g at 4°C. Rinse the homogenizer with 10 ml buffer C
to collect residual material.

Collect supernatant (homogenate) and store on ice.

Repeat steps 7 to 9 twice. Add PMSF each time. Combine all three supernatants,
withdraw 1-3 ml homogenate samples and store them at -80°C for further analysis.
The pellet can be discarded after the third round of cell disintegration.

Sediment the homogenate (combined supernatants) for 10 min at 12,000 x g at 4°C.
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10.

11.
12.
13.

14.

3.4

Remove the supernatant and clean the inside of the centrifugation tube carefully with a
paper towel to avoid contamination with other organelles without suspending the
pellet. The supernatant contains the cytosol and microsomes (see section 3.4.).

The pellet is suspended in 30 ml buffer C and transferred to a new centrifugation tube.
Centrifuge for 5 min at 5,100 x g at 4°C to remove all cell debris.

Transfer supernatant into a new centrifugation tube and centrifuge for 10 min at
12,000 x g at 4°C.

Remove the supernatant and clean the inside of the tube carefully with a paper towel
to reduce the risk of contamination with other subcellular fractions. Mitochondria
(pellet) are suspended in 1-2 ml buffer D depending on the size of the pellet. Samples

can be stored at -80°C for further analysis.

Isolation of microsomes

The isolation of microsomes from Pichia pastoris as described recently (10) can be performed

as a continuation of the isolation protocol of mitochondria (see section 3.3.). Typically 30-40

g of cells will yield a microsomal fraction containing 1-2 mg protein.

1.-10. These steps are identical to section 3.3.

11.

12.

13.

14.

15.

After centrifugation at 12,000 x g for 10 min at 4°C, transfer supernatant to a new
centrifuge tube. The supernatant contains the cytosol and microsomes, the pellet
contain the mitochondria.

Centrifuge supernatant for 30 min at 20,000 x g at 4°C using a fixed angle rotor.
Discard pellet which contains an intermediate/mixed fraction. Transfer supernatant to
a new centrifuge tube and centrifuge for 30 min at 30,000 x g at 4°C.

The pellet contains the 30,000 x g microsomal fraction. Transfer supernatant to a new
centrifuge tube and centrifuge supernatant for 30 min at 40,000 x g at 4°C. Suspend
the 30,000 x g pellet in 1-2 ml buffer D depending on the size of the pellet. The
resuspended pellet can be stored at -80°C till further analysis.

After centrifugation at 40,000 x g, the resulting pellet contains the 40,000 x ¢
microsomal fraction. Transfer the supernatant to ultracentrifugation tubes and
centrifuge for 45 min at 100,000 x g at 4°C using a fixed angle rotor. Suspend the
40,000 x g pellet in 1-2 ml buffer D depending on the size of the pellet and store the

sample at -80°C until further analysis.
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16

3.5
The is

. After ultracentrifugation at 100,000 x g, the supernatant (cytosol) is removed; the
100,000 x g microsomal pellet is suspended in 1-2 ml buffer D and stored at -80°C for
further analysis. Cytosol samples can also be collected and stored at -80°C.

Isolation of the Golgi

olation of the Golgi follows a procedure developed recently in our lab (Grillitsch et al.,

manuscript in preparation).

1.

Pre-cultures grown to the stationary phase are used for inoculating main cultures in
baffled Erlenmeyer flasks.

Cells are incubated until they have reached the mid exponential to late exponential
growth phase (see Note 9).

Harvest cells by centrifugation at room temperature at 2,500 x g for 5 min using a
fixed angle rotor.

Wash cells with deionized water and prepare spheroplasts as described in section 3.1.

5. Suspend sedimented spheroplasts in lysis buffer (1 ml/1.5 g CWW) and add PMSF (2

10.

11.

12.

13.

pl/lg CWW). Disintegration of spheroplasts for the isolation of Golgi is critical and
requires gentle handling and moderate mechanical force.

Homogenize spheroplasts in suspension wusing a Dounce homogenizer by
disintegrating with 3 strokes on ice using an L-pestle.

Transfer homogenized suspension into a beaker and fill up with approximately 2-3
volumes of lysis buffer.

Incubate spheroplasts under slight agitation on a magnetic stirrer for 20 min at 4°C.
Add sorbitol from a 5 M stock to a final concentration of 1 M. Take into account that
the suspension already contains 0.6 M sorbitol from the lysis buffer.

Sediment intact spheroplasts and cell debris for 5 min at 3,600 x g at 4°C using a fixed
angle rotor.

Discard pellet, withdraw 1-2 ml from the supernatant (homogenate) and store at -80°C
for further analysis.

To obtain loading material for density gradient ultracentrifugation the cleared
homogenate is subjected to several steps of differential centrifugation (Figure 1). First,
high speed centrifugation is performed at 12,000 x g at 4°C for 10 min (pellet 1, P1).
To remove residual mitochondria the supernatant of the previous centrifugation step is
centrifuged for 20 min at 20,000 x g at 4°C (pellet 2, P2).
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14.

15.

16.

17.

18.

19.

20.

21.

The supernatant resulting from step 14 is centrifuged at 30,000 x g for 30 min at 4°C.
In the obtained pellet fraction (pellet 3, P3) cis-Golgi marker proteins are enriched.
This sample is loaded onto the final sucrose density gradient to obtain enriched and
purified cis-Golgi fractions (see step 19). The sample should be stored on ice.

The resulting supernatant of step 15 is centrifuged at 40,000 x g for 30 min at 4°C
(pellet 4, P4).

Transfer supernatant to an ultracentrifuge tube and separate soluble cytosol from
membranes (mostly vesicle populations) by centrifugation at 200,000 x g at 4°C using
a fixed angle rotor. The pellet (pellet 5, P5) is enriched in trans-Golgi marker proteins
and loaded onto the final sucrose density gradient to obtain enriched and purified
trans-Golgi (see step 19). The sample should be stored on ice.

Preparation of sucrose density gradients: The gradient consists of 2.5 ml, each, of
sucrose/MES with concentrations of 40 %, 35 %, 30 % and 25 % sucrose. High
quality of gradients is critical for successful separation of subcellular fractions.

Pellet fractions obtained after 30,000 x g (P3) and 200,000 x g (P5) centrifugation are
resuspended in MES buffer (10 mM, pH 7.2). Samples are well homogenized in a
Dounce homogenizer before loading onto a sucrose density gradient for separate
isolation of cis- and trans-Golgi fractions. Ultracentrifugation using a swing out rotor
is performed for at least 5 h at 200,000 x g at 4°C (see Note 10).

After ultracentrifugation, samples are taken from the four phase separation zones (cis
F1-F4, trans F1-F4) with the aid of a syringe (approximately 1.5 ml per sample).
Samples can be either frozen directly in sucrose solution or sedimented in a final
centrifugation step. For sedimentation samples should be diluted 5-fold with 10 mM
Tris/HCI, pH 7.4, and centrifuged at 200,000 x g for 45 min at 4°C using a fixed angle
rotor.

Samples should be critically evaluated for the enrichment of Golgi markers, e.g.
Emp47p, and the absence of other subcellular fractions. Depending on the strain,
cultivation conditions, and experimental handling the best enrichment of highly
purified fractions of cis- or trans-Golgi, respectively, may vary in cis F1-F4 and trans
F1-F4.

Pellet fractions generated throughout this isolation procedure can be suspended in
appropriate volumes of 10 mM Tris/HCI, pH 7.4, and used as loading controls when

testing the quality of the final Golgi samples. Samples should be kept at -80°C.
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3.6

Isolation of vacuoles

A number of protocols have been published for the isolation of vacuoles from yeast. Most of

these methods are based on gradient centrifugation and floatation (11, 12). Here we present a

modified protocol for the isolation of Pichia pastoris vacuoles which yields highly enriched

samples (lvashov et al., manuscript in preparation).

1.

Inoculate YPD media or any other rich media with a preculture grown on YPD to a
final ODgyo 0of 0.1. Grow cells to the mid stationary phase (16-17 h) in shaking flasks
at 30°C. The cultivation time depends on growth conditions. Typically, 50 g cells will
yield a vacuolar fraction containing 2-3 mg protein.

Harvest cells by centrifugation at 2,500 x g for 4 min.

Remove supernatant, wash cells with deionized water and sediment them at 2,500 x g
for 4 min,

Spheroplasts preparation has been described in section 3.1. As the whole procedure is
time consuming, steps after spheroplasts preparation may be continued on the next
day. Spheroplasts can be frozen in liquid nitrogen and then thawed quickly on a 30°C
water bath. Noteworthy, storage of spheroplasts overnight reduces the yield of
vacuoles to ~50%.

For the preparation of the homogenate, suspend spheroplasts in 1.5 to 2 volumes of
ice-cold breaking buffer. Disintegrate spheroplasts with 30 strokes in a Dounce
Homogenizer using a loose fitting pestle. Utilization of complex protease inhibitors is
strongly recommended (see Notell). Save homogenate sample if needed for further
analysis and store at -80°C.

Load 25 ml of homogenate, each, to the bottom of ultracentrifuge tubes and overlay
with 6% Ficoll solution to the top of the tube. Centrifuge at 140,000 x g for 90 min
using a swing-out rotor, e.g. AH629. Collect the floating layers from each tube.

Add an equal volume of 6 % Ficoll solution to the combined floating layers and mix
with 6 strokes in a Dounce homogenizer. Load suspension to the bottom of
ultracentrifuge tube and overlay carefully with stock solution to the top of the tube.
Centrifuge at 140,000 x g for 2 h.

Withdraw the band from the interphase of 6 % Ficoll layer and stock solution with the
aid of a syringe. This fraction contains crude vacuoles.

Add 2 volumes of 6 % Ficoll to crude vacuoles and load to the bottom of an

ultracentrifuge tube. Overlay the suspension with 3.5 % Ficoll solution to the top of
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the tube. Centrifuge at 140,000 x g for 3 h. Collect the floating layer and, if present,

any dispersed white fraction beneath.

10. Dilute the collected fraction with 5-6 volumes of 1.5 % Ficoll. Centrifuge suspension

3.7

at 100,000 x g for 30 min. Discard the supernatant, but avoid dispersing the pellet
which contains purified vacuoles. Suspend vacuoles in 2-3 ml of stock solution or any

buffer required for further experiments and store at -80°C.

Isolation of lipid droplets

A protocol for the isolation of highly purified lipid droplets from Pichia pastoris has been

described previously (3).

1.

Inoculate YPD media or any other rich media with a preculture grown on YPD to a
final ODgy Of 0.1. Grow cells to the early stationary phase in shaking flasks at 30°C.
The cultivation time depends on growth conditions. Lipid droplets are formed during
growth on any media, but the highest yield can be obtained from cells grown on YPO.
Typically, 100 g of cells grown on YPD will yield lipid droplets containing 250-350
Hg protein. Please note that the amount of proteins in lipid droplets compared to lipid
components is very low.

Harvest cells by centrifugation at 2,500 x g for 4 min.

Remove supernatant, wash cells with deionized water and sediment them at 2,500 X ¢
for 4 min.,

Prepare spheroplasts as described in section 3.1.

To prepare the homogenate suspend spheroplasts in an equal volume of ice-cold buffer
LD-A. Disintegrate spheroplasts with 30 strokes in a Dounce Homogenizer using a
loose fitting pestle.

Centrifuge the homogenate at 6,000 x g for 5 min and save supernatant. Add an equal
volume of buffer LD-A to the remaining pellet, repeat disintegration in a Dounce
Homogenizer by 15 strokes and centrifuge again at 6,000 x g for 5 min. Discard pellet
and combine supernatants.

Centrifuge combined supernatants at 12,000 x g for 15 min. Save supernatant and
discard pellet.

Load 25 ml of the supernatant, each, to the bottom of ultracentrifuge tubes and overlay
with buffer LD-B to the top of the tube. Centrifuge at 140,000 x g for 1 h. Collect

floating layers from the top of tubes and combine.
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9.

Suspend floating layer in 10 volumes of buffer LD-B and mix by 5-7 strokes in a
Dounce homogenizer. Fill samples into ultracentrifuge tube and centrifuge at 140,000
x g for 1 h. Collect the floating layer.

10. Suspend the floating layer in an equal volume of buffer LD-B and load to the bottom

3.8

of ultracentrifuge tube. Overlay suspension with buffer LD-D. Centrifuge at 140,000 x
g for 90 min. The resulting floatate contains highly purified lipid droplets. Collect
lipid droplets from the top of the tube using a sampler and store at -80°C.

Isolation of Plasma Membrane

A procedure for the isolation of plasma membrane from Pichia pastoris was recently

developed in our lab (Grillitsch et al., manuscript submitted). Typically, 30 g of cells yield

plasma membrane samples containing 2-3 mg protein.

1.

Stationary grown pre-cultures are used to inoculate main cultures in baffled
Erlenmeyer flasks.

Incubation conditions can vary depending on experimental requirements. However,
cells should be incubated until they have reached the late exponential growth phase.
Harvest cells by centrifugation at room temperature at 2,500 x g for 5 min using a
fixed angle rotor.

Wash cells once with deionized water and estimate cell wet weight (CWW).

Yeast cells are suspended in breaking buffer (20 g CWW in 84 deionized water; 5 ml
of 0.5 M TrisCl, pH 8.5; 1 ml of 0.5 M EDTA, pH 8.0; 0.25 ml of 0.2 M PMSF).
Disintegrate cells mechanically by using glass beads under constant cooling and
vigorous shaking for 3 min in any tissue/cell disintegrator. Let the glass beads
sediment and collect supernatant on ice. After disintegration of the entire cell pellet,
glass beads are washed once with TEDG buffer.

Cell extracts are cleared of unbroken cells and residual glass beads by centrifugation at
1,000 x g for 10 min using a fixed angle rotor. Discard pellet.

The resulting supernatant (homogenate) is centrifuged at 35,000 x g for 30 min to
sediment bulk membranes using a fixed angle rotor. Suspend the pellet in TEDG-
buffer and store on ice until loading the sucrose density gradient. Samples should be

homogenized with 10 strokes in a Dounce homogenizer using a loose-fitting pestle.
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10.
11.

12.

13.

14.

15.

16.

17.
18.

Preparation of sucrose density gradients: 1 volume of 53 % sucrose in TED-buffer and
2 volumes of 43 % sucrose in TED-buffer. Do not load samples from more than 20 g
CWW per gradient (total volume ~40ml).

Centrifuge for at least 3.5 h at 100,000 x g at 4°C using a swing out rotor.

After ultracentrifugation harvest the crude plasma membrane fraction at the 43/53 %
sucrose interface with the aid of a syringe.

Dilute the sample 3- to 4-fold with deionized water and centrifuge for 20 min at
45,000 x g at 4°C using a fixed angle rotor to sediment membranes. Suspend the pellet
in MES-buffer and store on ice until loading the sucrose density gradient. Samples
should be homogenized with 10 strokes in a Dounce homogenizer using a loose-fitting
pestle.

Preparation of the second sucrose density gradient: 1 volume of 53 %, 43 % and 38 %
sucrose, each, in MES-buffer. Do not load samples from more than 20 g CWW per
gradient.

Centrifuge for at least 2.5 h at 100,000 x g at 4°C using a swing out rotor (see Note
12).

After ultracentrifugation harvest the plasma membrane fraction at the interface
between 53 % and 43 % sucrose.

Dilute the plasma membrane fraction 5-fold with Tris/HCI buffer (10 mM, pH 7.4)
and centrifuge for 20 min at 45,000 x g at 4°C using a fixed angle rotor.

Discard supernatant without dispersing the pellet (PM2) which is not very stable.
Suspend pellet in Tris/HCI buffer (10 mM, pH 7.4) and store the plasma membrane
fraction at -80°C for further analysis.

3.9 Quality Control of Isolated Organelles

Quiality control of organelle fractions obtained by procedures described above is essential to

ensure enrichment and purity. These tests are routinely carried out by Western blot analysis.

For this purpose, 5-15 ug of precipitated protein from organelle fractions of interest and

homogenate sample as a control are subjected to SDS polyacrylamide electrophoresis (SDS-

PAGE), transferred to nitrocellulose or PVDF membrane and probed with primary antibodies

recognizing typical marker proteins of particular organelles. By comparing intensities of

bands from organelle samples and homogenate the enrichment factor can be estimated,

provided that the amount of protein loaded onto each lane is exactly the same. Typical
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examples of yeast organelle marker proteins are: mitochondrial porin Porlp; plasma
membrane ATPase Pmalp; sterol 24-C-methyltransferase Erg6p from lipid droplets, vacuolar
carboxypeptidase Y (CPY; Prclp), Pex3p from peroxisomes; beta-subunit of the endoplasmic
reticulum resident oligosaccharyl transferase glycoprotein complex Whbplp; and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from the cytosol. Specific antibodies
raised against Pichia pastoris proteins are rare. In many cases, antibodies raised against the
Saccharomyces cerevisiae orthologs can be used, although sometimes immunoreactions are
weak. Another possibility to test for organelle markers is the use of hybrid proteins containing
GFP, HIS, HA or any other tag. When these hybrids are expressed in Pichia pastoris under
the native promoter, they can be detected with commercially available primary antibodies
specific for the respective tag. Alternatively to Western Blot analysis marker enzyme assays

can be performed to assess the quality of organelle preparations (6, 13).

High enrichment of organelles over the homogenate is desirable for cell fractionation
experiments (Fig. 2A). In most cases, however, organelle preparations still contain impurities
of other subcellular compartments. These contaminations can be due to naturally occurring
tight association of organelles (e.g. ER and Golgi, ER and lipid droplets, mitochondria and
peroxisomes) (14-17) or to artifacts created during the cell fractionation procedure.
Therefore, it is important to check organelle purity, e.g. by Western Blot analysis as shown in
Fig. 2B. If signals of “foreign” markers are present in homogenate but largely absent from the
organelle fraction of interest, the purity can be regarded as high. The presence of markers
from other organelles in the sample at the amounts comparable to homogenate would,

however, indicate low quality of the respective cell fraction.
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4 Notes

1.

Instead of zymolyase, lyticase can be used for spheroplasts preparation following the
manufacturer’s instructions.

For the isolation of most organelles rich growth media like YPD (1 % yeast extract, 2
% peptone, 2 % glucose) are suitable. For isolation of peroxisomes, media containing
methanol (0.5 -2 %; YPM) or oleic acid (0.2 %; YPO) as carbon sources are required
to induce the proliferation of peroxisomes. In principle, however, different growth
media (minimal or complex media) can be used depending on the scientific problem.
Repression of mitochondria proliferation by high glucose concentrations has to be
taken into account. Utilization of non-fermentable carbon sources such as glycerol or
lactate may be advantageous for increasing the yield of mitochondria.

DTT must be added directly before use of the buffer. Buffers containing DTT are not
considered for long term storage.

Withdraw samples of 10 pl, each, prior to the addition of zymolyase and at different
time points of incubation with zymolyase during the spheroplasting procedure.
Samples are diluted 1000-fold in deionized water. To monitor the efficiency of
zymolyase treatment compare untreated to treated samples. When the solution of
zymolyase treated samples turns clear, spheroplasting is complete. In case of
inefficient conversion of intact cells to spheroplasts, the incubation time can be
extended, or amounts of the enzyme may be increased.

After spheroplasts were obtained, all further steps should be performed on ice using
ice-cold buffers. All centrifugation steps should be performed at 4°C.

Step gradients should be loaded carefully to avoid mixing of layers. Correct handling
results in sharp border lines of interphases which are clearly visible. If no border lines
are visible, gradients should be discarded.

Cells grown on glucose (30-40 g CWW) will yield mitochondria fractions containing
5-6 mg protein. Please note that the amount of mitochondria obtained highly depends
on the carbon source utilized. Growth of cells on fermentable carbon sources will
increase the yield markedly.

For the isolation of Golgi fractions cells should be harvested at latest when they have
reached the late exponential phase. Depletion of nutrients or starvation of cell should
be strictly avoided, because all conditions provoking autophagy might negatively

affect the yield of Golgi.
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10. In case no clear phase separation has been achieved after 5 h of ultracentrifugation, the
centrifugation period can be extended. Another reason for unsuccessful separation
may be overloading of gradients. The maximum load of gradients has to be defined
empirically. As a rule of thumb, single gradients for the isolation of trans-Golgi can be
loaded with the double amount of material compared to single gradients used for the
isolation of cis-Golgi.

11. If inhibition of proteolysis is crucial for further experiments, commercially available
protease inhibitor cocktails can be added to the breaking buffer and all other buffers at
amounts recommended by the manufacturer. Since vacuoles harbor many highly
active proteases, the use of complex protease inhibitor cocktails and not only PMSF is
strongly recommended.

12. Ultracentrifugation of the second density gradient can be continued overnight.
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Figures and legends

30,000 g 40,000 g 200,000 g

P2 P3 \P4/ P5

200,000 g 200,000 g
cisF1 —— transF1 ——
cisF2 —— transF2 ——
cisF3 —— transF3 ——
cisF4 —— transF4 ———

Figure 1: Chart flow of differential and density gradient ultracentrifugation steps for the

isolation of Golgi fractions.

P1-5 pellet fractions are sedimented after centrifugation as indicated. Pellet fractions P3 and
P5 are used for loading sucrose density gradients (40/35/30/25 % sucrose). Fractions cisF1-F4
and transF1-F4 are harvested from gradients and tested for the enrichment of Golgi marker

proteins.
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A
Vac8p-GFP
H LD H G
H ER H PM
HDEL| = Gastp | guen GNP

B

H M
Por1p - -

H LD

H V
Vac8p-GFP 75kDa ER marker E EI
GAPDH - - Pmaip
Pmaip : - Por1p
GAPDH - - Pmatp |:|
Wbp1p - - 75kDa ER marker

Figure 2: Enrichment and quality control of isolated organelles

A - Western Blot analysis showing the enrichment of organelle fractions over cell
homogenate. Antibodies raised against organelle marker proteins were Porlp, Aac2p, Pex3p,
Emp47p, and Gaslp. Commercially available GFP-reactive antibodies were applied for
detecting fusion constructs of Ergép and Vac8p, respectively. Commercially available HDEL-
antibody recognizes the retention signal motif HDEL of the endoplasmic reticulum resident
protein BiP. Ten ug of organelle protein and homogenate were applied. H- homogenate, M-
mitochondria, LD- lipid droplets, ER- endoplasmic reticulum 40,000 x g microsomes, P-

peroxisomes, V- vacuoles, G- trans-Golgi fraction, PM- plasma membrane.

B — Evaluation of cross-contamination by Western Blot analysis. Ten ug of organelle proteins
and homogenate were applied. H- homogenate, M- mitochondria, V- vacuoles, LD- lipid
droplets. Organelle marker proteins were mitochondrial Porlp and Aac2p; plasma membrane
ATPase Pmalp; cytosolic GAPDH; endoplasmic reticulum 75 kDa marker protein and
Whbplp; vacuolar Vac8p-GFP fusion protein; and lipid droplet GFP-Erg6p fusion protein.
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Summary

The yeast Pichia pastoris has become a valuable eukaryotic model organism which is
frequently used as a tool for industrial protein production. Despite these important
applications, cell biological aspects of Pichia pastoris including problems of biomembrane
and lipid research have not been adequately addressed. As lipids play an important role in
various cell biological processes such as compartmentation, transport processes and signaling,
our laboratory has started a systematic approach to study this class of biomolecules in some
detail. In this chapter we describe materials and protocols for lipid analysis with P. pastoris.

Standard methods for fatty acid, phospholipid and sterol analyses are presented.

Key words

Lipids, fatty acids, phospholipids, sterols, triacylglycerols
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1 Introduction

Lipids are a major group of biomolecules characterized by their hydrophobic properties.
They are essential components of all biological membranes but also serve as storage
molecules to provide a source of energy and building blocks for membrane biogenesis.
Moreover, lipids are signaling molecules and involved in many cellular processes like
membrane fusion or induction of apoptosis (1-3). Lipids can be classified in eight distinct
groups based on their structure and function. These classes are fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, sterols and sterol derivatives, prenol lipids, glycolipids
and polyketides (4, 5). Biosynthesis of lipids occurs mainly in the endoplasmic reticulum, the
Golgi apparatus and mitochondria. Consequently, newly synthesized lipids have to be

transported to the other organelles which are devoid of lipid synthesizing enzymes (6, 7).

Yeast organelles are characterized by their specific lipid composition (8, 9). Such studies
have been extensively performed with Saccharomyces cerevisiae, whereas lipids of the
biotechnologically important yeast P. pastoris have not been studied in much detail. In the
present chapter, different techniques for the analysis of lipids from P. pastoris are described.
Most of these methods are adopted from protocols used for S. cerevisiae. The first step in
lipid analysis is the extraction from cellular material. Different chromatographic methods
such as thin layer chromatography (TLC) and gas lipid chromatography (GLC) are employed
to separate and quantify individual lipid classes and species (1). More detailed lipidome
studies are performed by mass spectrometry techniques (10, 11). Here, we provide basic lab

protocols for lipid analysis of P. pastoris with a focus on the most common lipid classes.
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2 Materials

Use deionized water for preparation of all solutions and organic solvents of analytical grade

purity. Use preferably glassware when working with organic solvents. Prepare and store all

reagents at room temperature unless mentioned otherwise. Waste disposal regulations should

be considered.

2.1 Lipid extraction
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Equipment

12 ml glass tubes with Teflon liner caps.

Vibrax orbital shaker with glass tube attachment.
Table top centrifuge.

Water-jet or vacuum pump.

Glass Pasteur pipettes.

Glass pipettes.

Compressed nitrogen supply.

Reagents

CHCl3s/Methanol (2:1; v/v).

0.034% MqgCl, in water.

2M KCI in water/methanol (4:1; v/v).
Methanol/H,O/CHCI; (48:47:3; per vol.).

Fatty acid analysis by gas liquid chromatography

Equipment

12 ml glass tubes with Teflon liner caps.

Oven (100°C).

Vibrax orbital shaker with glass tube attachment.

Table top centrifuge.
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2.3.2

Glass Pasteur pipettes.
Glass pipettes.
GLC-sample vials with caps.

Microsyringe.

Gas liquid chromatograph with autosampler.

Reagents
2.5 % H,SO4 (v/v) in methanol.
Light petroleum.

Deionized water.

Fatty acid methyl ester standards.

Phospholipid analysis

Equipment

TLC glass chambers.
Silica gel 60 TLC plates.
Glass pipettes.
Microsyringe.

Hairdryer.

Glass tubes with tight-fitting glass lids.

Oven (100°C).

Heating block (180°C) with inlets for glass tubes fixed at 45° angle.

lodine vapor chamber.

etc.

Reagents
CHCl3s/Methanol (2:1; v/v).
Double distilled water.

. Glassware cleaned with phosphate free detergent: pipettes, graduated cylinders, bottles

TLC solvent for the first direction: CHCls/methanol/25 % NHj3 (65:35:5; per vol.).
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TLC solvent for the second direction: CHCls/acetone/methanol/acetic acid/water
(50:20:10:10:5; per vol.).

Acid mixture: 90 % H,SO,4 (conc.), 10 % HCIO,4 (72 %).

0.26 % Ammonium heptamolybdate in water.

ANSA solution: 40 g K3S,0s, 1.25 g Na,SO3 0.63 g 1-anilinonaphthalene-8-sulfonic
acid (ANS-acid) dissolved in 250 ml double distilled water.

Phosphate standard: 1 mg P/ml (73 mg K;HPO4x3H,O in 10 ml double distilled

water).

Sphingolipid analysis by UPLC-nano ESI-MS

Equipment

12 ml Pyrex glass tubes with Teflon liner caps.

Glass vials with caps.

Water bath.

Vortex.

Sonicator.

Table top centrifuge.

Ultra Performance Liquid Chromatograph followed by nano-electrospray ionization
mass spectrometer (UPLC-nano ESI-MS/MS).

Reagents

Internal standard mix: 0.15 nmol N-(dodecanoyl)-sphing-4-enine, 0.15 nmol
N-(dodecanoyl)-1-B-glucosyl-sphing-4-enine, 4.5 nmol C17 sphinganine (Avanti Polar
Lipids, Inc., Alabaster, AL, USA).

Propan-2-ol/hexane/water (60:26:14; per vol.).

Tetrahydrofuran/methanol/water (4:4:1; per vol.).

Non-polar lipid analysis

Equipment
TLC glass chambers.
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2.5.2
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Silica gel 60 TLC plates.
Microsyringe.

Oven (100°C).
Hairdryer.

TLC scanner.

Reagents

TLC solvent 1: light petroleum/diethyl ether/acetic acid (70:30:2; per vol.).

TLC solvent 2: light petroleum/diethyl ether (49:1; v/v).

Charring solution: 0.63 g MnCl,x4 H,0, 60 ml water, 60 ml methanol and 4 ml H,SO,
(conc.).

Lipid standards (1 mg/ml): ergosterol, cholesterol oleate, squalene, fatty acids, triolein,
1,2-diolein, monoolein.

Chloroform/acetone/acetic acid (90:8:1; per vol.) for the analysis of diacylglycerols.

Sterol analysis

Equipment

12 ml glass tubes with Teflon liner caps.

Water bath.

Vibrax orbital shaker with glass tube attachment.
Table top centrifuge.

Compressed nitrogen supply.

Gas Liquid Chromatograph coupled with mass selective detector.

Reagents

Methanol.

0.5% (w/v) pyrogallol in methanol.

60% (w/v) aqueous KOH.

Internal cholesterol standard (2 mg/ml) in ethanol.
n-Heptane.

Pyridine.
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7. N’O’-bis(trimethylsilyl)-trifluoracetamide.
8. Ethyl acetate.

2.7 Mass spectrometry of non-polar lipids and phospholipids

2.7.1 Equipment
1. Glass HPLC acquisition vials.
2. HPLC coupled with FT-ICR-MS hybrid mass spectrometer.

2.7.2 Reagents
1. CHCls/methanol (1:1; v/v).
2. Solvent A: 1 % ammonium acetate, 0.1 % formic acid in water.
3. Solvent B: 1 % ammonium acetate, 0.1 % formic acid in acetonitrile/2-propanol (5:2;
VIV).
4. Internal standards: triacylglycerol (TG) species 51:0; and phosphatidylcholine species
(PC) 24:0.
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3 Methods

3.1 Lipid extraction

Lipids with the exception of sphingolipids are extracted as described by Folch et al. (12). The
amount of biological material to be used for extraction depends on the type of analysis and the
sample. In principle, the amounts of lipids can be referred to the protein content, cell dry
weight or ODggo. Here, we provide guidelines referring lipid to protein amounts. For
analyzing lipids from total cell extracts we recommend the following amounts of protein from
the cell homogenate. For phospholipid analysis, lipids are extracted from samples containing
1-2 mg protein; for diacylglycerol analysis samples containing 0.4 mg protein are used;
triacylglycerols are analyzed from samples containing 0.2 mg protein; and analysis of sterols
and fatty acids as well as species analysis of phospholipids, diacylglycerols, triacylglycerols
and sphingolipids are performed with samples containing 0.3 mg protein. Extracted lipids are
dried under a stream of nitrogen and stored at -20°C.

3.1.1 Extraction of fatty acids, phospholipids, sterols and non-polar lipids

1. Transfer appropriate amount of sample to a glass tube (see Note 1) and add 3 ml
CHCl3s/methanol (2:1; v/v). Lipids are extracted by vigorous shaking on a Vibrax for
30 min.

2. After addition of 1 ml 0.034 % MgCl,, extraction is continued for another 30 min with
vigorous shaking.

3. Phase separation is accomplished by centrifugation in a table top centrifuge at 250 x g
for 3 min.

4. Remove upper aqueous phase and as much as possible of the white intermediate layer
of precipitated proteins without disturbing the lower organic phase (see Note 2).

5. Add 2 ml 2 N KCl/methanol (4:1; v/v), shake on a Vibrax for 10 min and centrifuge as
described above.

6. Remove the aqueous phase and proteins without disturbing the lower organic phase.
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3.1.2

Add 2 ml of methanol/H,O/ CHCI; (48:47:3; per vol.). Shake for 10 min on a Vibrax
and centrifuge as described above.

Remove the aqueous phase with the remaining proteins.

Dry the organic phase completely under the stream of nitrogen (see Note 3).

Dissolve dry lipids in an appropriate volume of CHCls/methanol (2:1 or 1:1; v/v) prior

to analysis.

Extraction of sphingolipids for mass spectrometry

Cell fractions containing 0.3 mg protein are spiked with an internal standard mixture
of 0.15 nmol N-(dodecanoyl)-sphing-4-enine; 0.15 nmol N-(dodecanoyl)-1-B-
glucosyl-sphing-4-enine; and 4.5 nmol C17 sphinganine as an extraction control.
Samples are suspended in 6 ml propan-2-ol/hexane/water (60:26:14; per vol.) and
incubated at 60°C for 30 min slightly modifying a protocol described previously (13).
During incubation, samples are shortly vortexed and sonicated after 0, 10, 20 and 30
min.

Extracts are cleared from cell debris by centrifugation, transferred to new tubes and
dried under a stream of nitrogen.

Extracted sphingolipids are re-dissolved in 800 pl tetrahydrofuran/methanol/water
(4:4:1; per vol.) (14) and stored under argon at -20°C.

3.2 Fatty acid analysis by gas-liquid chromatography

Dissolve dried lipid extracts in 1 ml of a 2.5 % (v/v) H,SO, in methanol and close
tubes tightly.

Heat samples in the oven at 85°C for 90 min (see Note 1).

Let the samples cool down and add 1 ml H,O and 3 ml light petroleum.

Extract the formed fatty acid methyl esters by shaking the tubes on a Vibrax for 30
min.

Centrifuge the samples for phase separation for 5 min at 250 x g.

Transfer the upper organic phase to a new tube.
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10.

11.

12.

Repeat the extraction step by adding 3 ml of light petroleum to the remaining aqueous
phase for 30 min.

Centrifuge as described above. Combine the organic phases of the two extraction
steps.

Remove solvent under a stream of nitrogen.

Dissolve the samples in 100 pl light petroleum for GLC-analysis and transfer to glass
acquisition vials.

Fatty acid methyl esters are separated by GLC using a capillary column (e.g., 15 m x
0.25 mm i.d. x 0.50 um film thickness) with helium as carrier gas.

Fatty acids are identified by comparison of retention times with a mix of commercially
available fatty acid methyl ester standards which is analyzed separately.

3.3 Phospholipid analysis

3.3.1

Analysis of individual phospholipids

Phospholipids are extracted (see. Section 3.1.1) from cell homogenates or specific
subcellular fractions containing 1-3 mg protein and dried under a stream of nitrogen.
Dried lipids are dissolved in 50 pl CHCls/methanol (2:1; v/v) and applied as a spot on
a Silica gel 60 TLC plate (see Note 4).

After evaporation of the solvent, the plate is developed in the first dimension using a
TLC chamber saturated with first developing solvent for ~50 min (see Note 5).
Withdraw TLC plate from the chamber and dry with a hairdryer until the smell of
ammonia has disappeared (see Note 6).

Develop the plate in the second direction using chloroform/acetone/methanol/acetic
acid/water (50:20:10:10:5; per vol.) for 50 min (Fig. 1) (see Note 5).

Withdraw TLC plate from the chamber and dry with a hairdryer (see Note 6).
Phospholipids are visualized by staining with iodine vapor, and spots are marked with
a pencil (Fig. 1B) (see Note 7).

Phospholipids are quantified by the procedure of Broekhuyse et al. (15). Silica gel
with the identified lipid spots are scrapped off and transferred to phosphate-free glass

tubes with the aid of a phosphate-free razor blade, scalpel or spatula (see Note 8). In
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10.

11.

12.

13.

14.

15.

3.3.2

addition, unstained areas of the TLC plate are analyzed as blanks for correction of the
background.

Remove residual moisture by drying samples in an oven for 10 min at 100°C.

After cooling down the samples, add 0.2 ml conc. H,SO4/72 % HCIO,4 (9:1, v/v) to
each tube and mix briefly.

Incubate the tubes in a heating block at 180°C for 30 min to hydrolyze samples (see
Note 9).

Cool samples down to room temperature and add 4.8 ml of a freshly prepared solution
containing 500 vol. of 0.26 % ammonium molybdate and 22 vol. of ANSA.

Close the tubes tightly with a lid and incubate them in an oven at 100°C for 30 min.
Phosphate containing samples turn blue.

Cool the sample down and sediment silica gel by centrifugation at 250 x g for 3 min in
a table top centrifuge.

Quantification of phospholipids is achieved by measuring the absorption at a
wavelength of 830 nm. Values have to be corrected for the blank. For calculation of
the absolute amounts of individual phospholipids a series of phosphorus standards is

required.

Quantification of total phospholipids

Lipids are extracted as described in section 3.1.1, dissolved in chloroform/methanol
(2:1; v/v) and transferred to phosphate free glass tubes. Samples are brought to
complete dryness either by evaporation in an oven or under a stream of nitrogen.
Samples and phosphorus standards are directly subjected to hydrolysis. The following
steps are performed as described in section 3.3.1 starting at step 10. Centrifugation at
step 15 is omitted.

Amounts of total phospholipids are calculated from a standard curve using inorganic
phosphate at known amounts (0.5, 1, 2, 4, and 8 pg phosphorus per tube are
recommended). Obtained values correspond to g phosphorus per mg protein. Values
are multiplied by the factor of 25, the approximate ratio of molar masses of

phosphorus and an average phospholipid, to yield pg phospholipid/mg protein.
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3.4 Sphingolipid analysis

Analysis is performed by Ultra Performance Liquid Chromatography followed by nano-
electrospray ionization mass spectrometry (UPLC-nano ESI-MS/MS) (16, 17).

1. For analysis, sphingolipids extracted as described in section 3.1.2 are solubilized by
gentle heating and sonication.

2. Sphingolipid analysis is initiated by Ultra Performance Liquid Chromatography

(UPLC) (see Note 10).
Aliquots of 2 pul are injected in the partial loop with needle overfill mode. The flow
rate is set at 0.12 ml/min, and the separation temperature at 35°C. Inositol containing
sphingolipids are separated by elution with a linear gradient of solvents A and B as
follows: 65 % solvent B held for 2 min, linear increase to 100 % solvent B for 8 min,
100 % solvent B held for 2 min, and equilibration to 65 % solvent B in 2 min.
Ceramides (Cer) and hexosylceramides (HexCer) are separated as follows: 80 %
solvent B held for 2 min, linear increase to 100 % solvent B for 8 min, 100 % solvent
B held for 2 min and equilibration to 80 % solvent B in 2 min. Solvent B is
tetrahydrofuran/methanol/20 mM ammonium acetate containing 0.1 % (v/v) acetic
acid; and solvent A is methanol/20 mM ammonium acetate containing 0.1 % (v/v)
acetic acid.

3. Chip-based nano-electrospray ionization is achieved in the positive ion mode with
5 um internal diameter nozzles, a flow rate of 209 nl/ min, and a voltage of 1.5 kV.

4. Detection of sphingolipid molecular species is carried out with a tandem mass
spectrometer by monitoring (i) the transition from [M+H]® molecular ions to
dehydrated long chain base (LCB) fragments for Cer, HexCer and LCB; and (ii) the
loss of phosphoinositol containing head groups for inositol containing sphingolipids.
Dwell time is 30 ms (see Note 11).

3.5 Non-polar lipid analysis by thin layer chromatography

The profile of the major P. pastoris non polar lipids has been reported previously (18). Here
we provide a protocol suitable for quantitative analysis of non-polar lipids from P. pastoris

total cell extracts or subcellular fractions. The sample size used for lipid extraction varies. For
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total cell extracts we recommend to use samples containing 0.3 mg protein. If isolated lipid
droplets are used for analysis, samples containing 0.5-1 pg protein are sufficient. Dissolve
dried lipids in 15-30 pl (or any appropriate volume) of CHCls/methanol (2:1; v/v) prior to
loading on TLC plates.

3.5.1 Separation of non-polar lipids by a two-step procedure

This procedure allows proper separation of sterols, free fatty acids, steryl esters and

triacylglycerols.

1. Prepare two glass TLC chambers by filling one chamber with 50-100 ml of the first
running solvent solution and the second chamber with 50-100 ml of the second
running solvent solution (see Note 5).

2. Load TLC plates with samples either manually (see Note 12) or with a sample loading
device. Leave 1.5 cm space from the bottom and side margins of TLC plates. Load
each sample as a narrow 0.8-1 cm wide band leaving 1-1.5 cm space in between. Load
each TLC plate with at least three lanes containing standards with increasing amounts
of the respective component (see Note 13).

3. First step separation: Develop the TLC in an ascending manner until the solvent front
reaches half of the plate (~5 min, see Note 14). Remove plate and dry with the
hairdryer (see Note 6).

4. Second step separation: Develop the TLC using the second solvent system in the same
direction as in the first step until the solvent front reaches the top of the plate (~20
min) (see Note 14). Remove plate and dry with hairdryer (see Note 6). Separated

lipids are now ready for visualization and quantification.

3.5.2 Separation of diacylglycerols

For separation of diacylglycerols a one-step solvent system is applied (19). Prepare lipid
extracts (Section 3.1.1) and dissolve lipids in an appropriate volume of CHClz/methanol (2:1;
viv). Load lipid extracts on the TLC plate and develop the TLC with
chloroform/acetone/acetate (90:8:1, per vol.) for ~20 min. Dry the TLC plate with a hairdryer.
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Separated lipids can be visualized and quantified (see Notes 6-7 and 12-14).

3.5.3 Visualizing separated lipids and quantification

To quantify sterols and steryl esters, TLC plate can be directly scanned at a wavelength of 275
nm. Peaks of standards with known amounts loaded are used for calibration. The peak areas

of individual samples are set in relation to standards.
To quantify other lipids visualization is needed as follows (Fig. 2):

1. Put the TLC plate into a charring solution and keep it there for 15-20 sec (see Note
15).

2. Put TLC plate into an oven and heat for 30 min at 100°C.

3. After heating separated lipids and standards become visible as bands and can be
scanned at 400 nm wavelengths using a TLC scanner. Amounts of individual lipids are
calculated relative to standards as described above (see Note 16).

3.6 Sterol analysis by Gas Liquid Chromatography- Mass Spectrometry

The analysis of sterols from yeast was described previously (9, 20). Here we summarize the

method for the analysis of P. pastoris sterols by GLC-MS.

3.6.1 Sample preparation

The size of biological samples required for sterol analysis depends on the content of sterols.
For analyzing the sterol composition from total cell extracts the amount of 0.3 mg protein is
sufficient. For subcellular fractions the sample size can differ strongly and has to be estimated
empirically. As examples, mitochondrial fractions containing 0.5 mg protein, plasma
membrane fractions containing 1 mg protein, peroxisomal fractions containing 0.25 mg

protein, and lipid droplet fractions containing 0.02-0.03 mg protein are sufficient.
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3.6.2

Alkaline hydrolysis. Put the following reagents into a 15 ml glass tube: 0.6 ml
methanol; 0.4 ml 0.5% pyrogallol in methanol; 0.4 ml 60% KOH; 5 pl of cholesterol
solution (2 mg/ml) as an internal standard; and an appropriate amount of the specimen
to be analyzed.

Close tubes tightly, wrap in aluminum foil to protect the sample from light, and put the
tube into a water bath for 2 h at 90°C (see Note 17).

Extract lipids by adding 1 ml of n-heptane and mix the sample vigorously for 30 sec.
Centrifuge tubes for 3 min at 250 x g. Transfer the upper phase into a new tube.
Repeat the extraction twice with 1 ml of n-heptane and combine upper phases.

Dry extracts under a stream of nitrogen and store at -20°C.

For analysis, dissolve extracts in 10 pl pyridine, add 10 pl of N°O’-bis(trimethylsilyl)-
trifluoracetamide, incubate for 10 min and dilute with 50 ul ethyl acetate (see Note

18). Transfer samples to glass acquisition vials.

GLC-MS analysis

GLC-MS analysis can be performed on a gas chromatograph equipped with a mass selective

detector and a MS capillary column (crosslinked 5% Phenyl Methyl Siloxane) with 30

mx0.25 mmx0.25 pm film thickness.

1.

Aliquots of 1 pl are injected at 270°C injection temperature in the splitless mode with
helium as a carrier gas at a constant flow rate of 0.9 ml/min. The temperature program
is as follows: 1 min at 100°C and 10°C/min to 250°C and 3°C/min to 310°C.

Mass spectra are obtained in scan mode with 3.27 scans/sec using a scan range of 200-
500 amu. Individual sterols are identified according to their retention times (Fig. 3A)
and mass fragmentation pattern (Fig. 3B, see Note 19) using appropriate
chromatography software. For quantification of individual sterols, integrated peak

areas are related to the internal standard cholesterol peak area.
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3.7 Analysis of non-polar lipid and phospholipid species by HPLC coupled mass

spectrometry

The procedure for lipid analysis by HPLC/MS has been described previously in much detail
(21, 22). Here we provide a protocol for the analysis of molecular species of triacylglycerols

and phospholipids.

1. Prepare lipid extracts as described in section 3.1.1. The amount of extracted lipids and
downstream dilution factors depend on the sample and lipid class being analyzed and
should be adjusted empirically (see Note 20).

2. Dissolve lipids in 500 pl CHCls/methanol (1:1; v/v) and add 5 uM TG (species 51:0)
and 5 uM PC (species 24:0) as internal standards. Transfer 30 pul to the acquisition vial
and use 3 pl injection volume for HPLC-MS.

3. Use a reversed-phase C18 column (reversed-phase C18; 100 x 1 mm i.d., 1.9 um
particle size) employing solvent A and solvent B for chromatographic separation of
lipid species. The gradient changes from 35 % to 70 % solvent B within 4 min and
further to 100 % solvent B within 16 min. These conditions are held constant for 10
min at a flow rate of 250 pl/min. Mass spectrometry is performed by HPLC directly
coupled to a FT-ICR-MS hybrid mass spectrometer equipped with an ionMax ESI
source. The mass spectrometer is operated at a mass accuracy of <2 ppm with external
calibration and resolution of 200,000 full width at half height at 400 m/z. The spray
voltage is set at 5,000 V, the capillary voltage at 35 V, the tube lens at 120 V and the
capillary temperature at 250°C. Peak areas are calculated by QuanBrowser for all lipid

species identified according to their exact mass and retention time.
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4 Notes

10.

11.

12.

13.

14.

15.

Glass tubes need to be closed tightly with organic solvent resistant seals. Make sure
that no evaporation of solvent occurs by using intact glass tubes and caps with gaskets.
Removal of the protein containing interphase without losing substantial amounts of the
organic phase is critical, especially when absolute quantifications are required.
Therefore, it is recommended to leave some residual proteins in the interphase, which
still can be removed during further steps of phase separation. Alternatively, protein
interphases can be left intact during the entire extraction process, and the organic
phase can be collected by penetrating the protein layer with a small glass pipette.
Dried lipid extracts can be stored in -20° till needed.
Extracted phospholipids should be applied as a spot of about 3-5 mm in diameter ~2
cm from the left and the lower margins of a Silica gel 60 TLC plate.
TLC chambers have to be saturated with solvents for about 30 min before usage.
Do not overheat the Silica gel 60 TLC plate.
At this stage, the plates can be stored overnight in the dark. lodine should be
completely removed by spraying the plate with distilled water and heating at ~50°C in
the oven, or by evaporating on air in a hood.
Moistening the TLC with phosphate-free distilled water facilitates scrapping off the
respective spots.
The tube should be put into the heating block only to half of the height thus allowing
circulation and condensation of acid fumes. It is important that this step is performed
in a hood because the hot acids may give rise to hazardous fumes. After 30 min the
liquid in the tubes should be colorless or slightly yellow. If it is dark yellow or
brownish, it can be bleached by addition of 5-10 pl 30 % H,0..
Use an appropriate UPLC column, e.g. with dimensions 100 mm x 1 mm, 1 um.
Optimize MS parameters to maximize detector response.
For loading TLC plates manually, glass syringes with 25-100 ul volume are suitable.
Try to load bands as thin as possible.
The amounts of standards to load should be estimated empirically and depend on the
samples to be analyzed.
TLC plates should not get in contact with front or side walls of the chamber during
development.
Avoid keeping TLC plates in charring solution for more than 1 min.
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16. Alternatively to densitometric scanning procedures, bands visualized on TLC plates
can be digitalized at high resolution, and any graphic analyzing software (e.g., ImageJ,
CoreIDRAW) can be used for calculating amounts of standards and individual lipids.

17. After heating samples in the water bath, the color of the mixture should turn yellow.

18. This step should be performed directly before GLC-MS analysis.

19. Retention times of sterols can differ slightly depending on the samples, but the overall
pattern is similar.

20. As an example, 0.3 mg protein from a cell homogenate is sufficient for non-polar lipid

and phospholipid species analysis.
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Figures and legends

A B

Nl O DMPE
DMPE O Q CL

Figure 1: Phospholipid separation by two-dimensional thin layer chromatography

Phospholipids are extracted from samples containing 1-2 mg protein and applied to two-
dimensional thin layer chromatography (2D-TLC) as described in section 3.3.1. Figure 1A
indicates how phospholipids should typically separate in a 2D-TLC. Figure 1B shows the
phospholipid profile of a P. pastoris microsomal fraction after 2D-TLC separation and iodine
vapor staining. Numbers indicate running directions and the solvent system. CL: cardiolipin;
DMPE: dimethylphosphatidylethanolamine; FS: fatty acids; LP: lysophospholipids; NL:
neutral lipids; PA: phosphatidic  acid; PC: phosphatidylcholine; PE:
phosphatidylethanolamine; PG: phosphatidylglycerol; PIl: phosphatidylinositol; PS:
phosphatidylserine; start: lipids are applied to the TLC plate at this point.
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Figure 2: Non-polar lipids separated by TLC and visualized

Pichia pastoris cells were grown on YPD to the stationary phase (26 h). Total cellular lipids
(TCL) were extracted from cell homogenates containing 0.3 mg protein and applied onto TLC
plates. Lipids were separated by a two-step (A) or one-step procedure (B) and visualized by
charring and heating. P- phospholipids, S- sterols, TG- triacylglycerols, SE- steryl esters, FA-
fatty acids, DG- diacylglycerols. Increasing amounts of the following standards were loaded
in lanes 1-3 of plate A: 3, 6, and 10 ug ergosterol; 10, 20, 40 pg triolein; 2, 4, 6 pg cholesterol
oleate. TLC plate B was loaded with 0.7, 3.3, and 5 pg of 1,2-diolein standard in lanes 1-3.
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Figure 3: Example of GLC chromatogram and mass fragmentation patterns of Pichia pastoris
total cell sterols

Cells were grown on YPD to the stationary phase (26 h). Sterols were extracted from
homogenates containing 0.3 mg protein and analyzed by gas liquid chromatography/mass
spectrometry. A- GLC pattern. Numbered peaks represent individual sterols as follows: 1-
cholesterol as internal standard, 2- zymosterol, 3- ergosterol, 4- 4-methylzymosterol, 5-
fecosterol, 6- episterol, 7- lanosterol, 8- 4,14-dimethylcholesta-8,24-dienol. B- mass

fragmentation pattern of ergosterol and cholesterol.
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Abstract

The methylotrophic yeast Pichia pastoris is a popular yeast expression system for the
production of heterologous proteins in biotechnology. Interestingly, cell organelles which
play an important role in this process have so far been insufficiently investigated. For this
reason, we started a systematic approach to isolate and characterize organelles from P.
pastoris. In this study, we present a procedure to isolate microsomal membranes at high
purity. These samples represent endoplasmic reticulum (ER) fractions which were subjected
to molecular analysis of lipids and proteins. Organelle lipidomics included a detailed analysis
of glycerophospholipids, fatty acids, sterols and sphingolipids. The microsomal proteome
analyzed by mass spectrometry identified typical proteins of the ER known from other cell
types, especially Saccharomyces cerevisiae, but also a number of unassigned gene products.
The lipidome and proteome analysis of P. pastoris microsomes are prerequisite for a better
understanding of functions of this organelle and for modifying this compartment for
biotechnological applications.
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1 Introduction

Pichia pastoris is a popular host for the production of heterologous proteins, but is also
used as model organism for peroxisome and secretory organelle proliferation [1-4]. While
methanol induced promoters are employed to produce proteins in small and medium scale
with great success, there are significant technical and safety issues favoring the use of glucose
based expression systems in large industrial scale production [4], which calls for
investigations of P. pastoris biochemistry and cell biology under these conditions. As P.
pastoris proved to be very efficient for the production of secretory proteins [5], a detailed
analysis of components of the secretory pathway is of great interest. Recently, we performed a
computational genome wide analysis for gene products involved in protein folding and
secretion in eight different yeast species, including P. pastoris and the model yeast
Saccharomyces cerevisiae. Essential functions of the secretory pathway are apparently
conserved among yeasts, while high diversity was identified for the chaperone family of J
proteins, for peptidyl-prolyl isomerases, and for Golgi localized mannosyl transferases [6].

Organelle analysis of P. pastoris [7-9] is meant to complement biotechnological studies
and to provide insight into components and functions of subcellular compartments which are
involved in protein expression. In the present study, we focus on the characterization of P,
pastoris microsomes (M30, M40) representing the endoplasmic reticulum (ER) of the cell.
The ER forms a membrane network of tubules, vesicles and cisternae [10] which is connected
to the nuclear envelope in the form of a continuum and linked to other organelles such as
mitochondria or the plasma membrane through membrane contact sites [11,12]. Two types of
ER subfractions are known. The rough ER with ribosomes attached is involved in protein
synthesis and represents the starting point of the protein secretory pathway [11], whereas the
smooth ER contributes to carbohydrate metabolism, lipid synthesis and calcium storage
[12,13]. The secretory pathway includes the ER, the Golgi and the plasma membrane.
Secretory proteins synthesized at the rough ER are shuttled via membrane vesicles to the
Golgi and further to the plasma membrane where the cargo is released into the extracellular
environment [6,14]. Due to the fact that the ER is also the major site of phospholipid,
sphingolipid and sterol synthesis, lipids have also to be transported from the ER to other
organelles. Non-vesicular and vesicular pathways were suggested as possible lipid transport
pathways [15,16]. Non-vesicular transport most likely takes place at membrane contact sites

which are found between ER and Golgi, plasma membrane, mitochondria and endosomes
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respectively [17-20]. Thus, besides its importance for cell metabolic processes the ER acts as
the major gateway for proteins and lipids to final destinations.

In the present study, we describe the biochemical characterization of P. pastoris
microsomal subfractions. This analysis is based on the isolation of highly purified
microsomes, quality control by Western Blot analysis, conventional biochemical lipid and
protein analysis, and -omics studies by mass spectrometry of lipids and proteins. The detailed
information about lipidome and proteome of microsomes provides insight into the molecular
composition of this important organelle and access to functional aspects of this subcellular

fraction.
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2 Experimental procedures

2.1 Strains and culture conditions

The wild type strain P. pastoris CBS7435 was used throughout this study. YPD
medium containing 1 % yeast extract, 2 % peptone and 2 % glucose was used to cultivate this
strain. Pre-cultures were grown at 25°C or 30°C for 48 h in baffled Erlenmeyer flasks with
shaking at 130 rpm. Main cultures were grown in 300 ml YPD medium in 2 | Erlenmeyer
flask with baffles which were inoculated with an aliquot of the pre-culture to an ODgg 0f 0.1.
Cells were grown at 30°C for 22 hours (T4 ~ 2.9 h) or at 25°C for 26 hours (T4 ~ 3.2 h) with

shaking to the late exponential phase.

2.2 Isolation of Microsomes

Microsomes were isolated from the P. pastoris CBS7435 wild type strain grown to the
late exponential growth phase as described above. Cell fractionation was performed by the
following procedure. Cells were harvested and converted to spheroplasts by using Zymolyase
20T [8]. After 1 h of enzymatic treatment, spheroplasts were homogenized in Tris-mannitol
buffer (0.6 M mannitol, 10 mM Tris/HCI, pH 7.4) containing PMSF (1 M, 2 pl/g cww) with
15 strokes in a Dounce Homogenizer. Homogenates were centrifuged at 5,500 rpm at 4°C for
5 min in a Sorvall RC 6 Plus centrifuge using a SS-34 rotor. This procedure was repeated
twice with the obtained pellet after resuspension in Tris-mannitol buffer. Combined
supernatants (crude homogenate) were centrifuged at 10,000 rpm at 4°C for 10 min. The
resulting supernatant was further centrifuged at 13,000 rpm at 4°C for 30 min. The obtained
supernatant was centrifuged at 16,000 rpm (30,000 g) at 4°C for 30 min. The pellet (M30)
was re-suspended in Tris/HCI, pH 7.4, and the supernatant was centrifuged at 18,500 rpm
(40,000 g) at 4°C for 30 min. The resulting pellet (M40) was re-suspended in Tris/HCI, pH
7.4. The microsomal fractions M30 and M40 were stored at -70°C. For mass spectrometric
analysis, M30 and M40 were washed once with water and fractions were directly sedimented
in an Eppendorf tube using a Beckman Coulter Optima TLX table top ultracentrifuge with a
TLA100.4 rotor. M30 was sedimented at 30,000 g and M40 at 40,000 g for 30 min at 4°C.

Organelles were stored at -70°C.
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2.3 Preparation of bulk membranes

Bulk membranes (BM) were isolated from P. pastoris CBS7435 wild type strain grown
to the late exponential growth phase as described above. Preparation of BM was performed by
two different procedures. For the first method, Zymolyase 20T [8] was used for cell
spheroplasting, and homogenate was prepared as described for the isolation of microsomes
(see section 2.2). For the second method, a mechanical cell disruption was employed. Cells
were harvested at the late exponential growth phase and re-suspended in water (2.8 ml/g
cww). After addition of Tris/HCI buffer (0.5 M, pH 8.5, 170 pl/g cww), EDTA (0.5 M, pH
8.0, 34 ul/g cww) and PMSF (1 M, 2 ul/g cww) cells were mechanically disrupted with glass
beads in the Merckenschlager disintegrator for 3 min under cooling with CO,. Glass beads
were sedimented and the supernatant was centrifuged for 10 min at 2,500 rpm at 4°C in a
Sorvall RC 5B Plus centrifuge using a Sorvall GSA rotor. The supernatant from this step was
used as homogenate.

Homogenates obtained from both methods were centrifuged at 45,000 rpm (100,000 g)
for 45 min at 4°C in a Thermo Scientific Sorvall WX Ultra Series centrifuge using a T865
rotor. The resulting pellet was used as bulk membranes (BM-Zym: obtained from cells
disrupted with Zymolyase; BM-MS: obtained from cells disrupted with glass beads in the
Merckenschlager). For mass spectrometric analysis bulk membranes were washed once with
water and sedimented in a Beckman Coulter Optima TLX table top ultracentrifuge with a
TLA100.4 rotor. Pellets were stored at -70°C.

2.4 Protein analysis

Homogenate and microsomes were diluted 1:10 with water. Proteins were precipitated
with trichloroacetic acid on ice at least for 1 h. After washing, precipitated proteins were
solubilized in 0.1 % SDS, 0.1 M NaOH at 37°C for 30 min. Protein quantification was
performed as described by Lowry et al. [21]. SDS-polyacrylamide gel electrophoresis was
carried out by the method of Laemmli [22] using gradient SDS gels (18 % to 12.5 %). Ten pg
protein of each sample was loaded per lane. Gels were either stained with Coomassie Brilliant
Blue or used for Western Blot analysis according to Haid and Suissa [23]. Primary polyclonal
antibodies raised in rabbits and monoclonal antibodies raised in mouse were directed against
S. cerevisiae proteins. For detection, peroxidase conjugated secondary antibodies and a

chemiluminescent signal detection solution (SuperSignal® West Pico Chemiluminescent
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Substrate, Thermo Scientific, Rockford, IL, USA) were used to visualize immune-reactive
proteins.

2.5 Proteome analysis by mass spectrometry

Proteome analysis of homogenate and microsomal fractions were performed in three
steps including (i) sample preparation; (ii) sample analysis by mass spectrometry, and (iii)
data processing. Two different strategies were employed for sample preparation. For in-
solution analysis of proteins, organelle pellets were solubilized in 0.1 M ammonium
bicarbonate buffer (ABC buffer) containing 0.1 % RapiGest SF [24]. Samples were reduced
using 15 mM DTT and carbamidomethylated (55 mM iodoacetamide), and proteins were
precipitated for purification (acetone to aqueous phase = 4:1; v/v). Homogenates were directly
used for reduction and protein precipitation. The pellet was dissolved in 0.1 M ABC buffer
and digested over night with trypsin (Promega Sequencing Grade Trypsin; Enzyme:Substrate
1:50) at 37°C. Alternatively, samples were digested in gel. The pellets were solubilized in
SDS sample buffer (250 mM Tris/HCI pH 6.8, 2 % SDS, 25 % glycerol, 20 mM DTT, 10 pl
bromophenol blue) and separated on a 12 % SDS gel [22]. Three zones of equal size in
Coomassie blue stained gel were cut out and digested in gel as described previously [25-27].

For analysis, about 3 pg of each digest were loaded onto a BioBasic C18 column
(BioBasic-18, 150 x 0.18 mm, 5 um, Thermo Scientific) using 0.1 % formic acid as aqueous
solvent. A gradient from 5 to 70 % acetonitrile was developed over 105 min at a flow rate of
1.5 pl/min. Detection was performed with an ion trap mass spectrometer equipped with the
standard ESI source (Bruker amaZon speed ETD) in the positive ion, DDA mode (=
switching to MSMS mode for eluting peaks). Instrument calibration was performed using the
ESI calibration mixture (Agilent, Low Concentration Tuning Mix).

Alternatively, the samples from the in-solution digestion were analyzed using a Q-TOF
MS (Bruker maxis 4G ETD) equipped with the ESI nano online source. Peptides were
separated on a C-18 column (Acclaim® PepMap100 C18 column, Thermo, 250 * 0.1 mm, 3
pum packing, flow: 0.4 pl/ min) employing a gradient from 90 % solvent A / 10 % solvent B to
32 % solvent B in 70 min. After this phase a 30 min gradient elution from 32 % to 75 % B
was employed to facilitate elution of large peptides. Solvent A is 0.1 % formic acid in water,
and Solvent B is 0.1 % formic acid in acetonitrile. Finally, the column was equilibrated for 15
min at starting conditions (95 % A, 5 % B). MS scans were recorded in the range of 150-2200

Da, and the 10 highest peaks, each, were selected for fragmentation.
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For data processing, the analysis files were converted to mgf files (mascot generic format)
using Data Analysis 4.0, Bruker. MASCOT searches (ion trap: parent and fragment mass
error 0.4 Da; QTOF: parent mass error 7 ppm fragment mass error 0.05 Da) were performed
employing the ProteinScape software (Bruker). Proteins identified by only one peptide or
having sequence coverage of less than 4 % were excluded from further analysis. Signal
peptides were predicted using SignalP, whereas TM HMM was employed to predict

transmembrane domains.

2.6 Lipid analysis

Lipids with the exception of sphingolipids (see below, section 2.6.5), were extracted
from homogenate (H) and microsomal fractions (M30, M40) following the procedure of
Folch et al. [28]. For fatty acid and phospholipid analysis, lipids were extracted from samples
containing 1-2 mg protein. Diacylglycerols were extracted from samples corresponding to 0.4
mg protein, and triacylglycerols from samples containing 0.2 mg protein. For the analysis of
sterols as well as for species analysis of phospholipids, diacylglycerols, triacylglycerols and
sphingolipids samples with 0.3 mg protein were used. Extracted lipids were dried under a
stream of nitrogen and stored at -20°C.

2.6.1 Fatty acid analysis

Lipids were extracted as described above, and fatty acids were converted to fatty acid
methyl esters by methanolysis using 2.5 % sulphuric acid in methanol and heating at 80°C for
90 min. Fatty acid methyl esters were extracted in a mixture of light petroleum and water
(3/1; per vol.) and analyzed by gas liquid chromatography (Hewlett-Packard 6890 Gas-
chromatograph) using a HP-INNOWax capillary column (15 m x 0.25 mm i.d. x 0.50 pm film
thickness) with helium as carrier gas. Fatty acids were identified by comparison to the fatty
acid methyl ester standard mix GLC-68B (NuCheck, Inc., Elysian, MN, USA) and
hexacosanoic acid methyl ester standard (Sigma Aldrich, Vienna).
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2.6.2 Phospholipid analysis

Individual phospholipids were separated by two-dimensional thin-layer
chromatography on Silica gel 60 plates using chloroform/methanol/25 % NHj (65/35/5 per
vol.) as the first, and chloroform/acetone/methanol/acetic acid/water (50/20/10/10/5, per vol.)
as the second solvent system. Phospholipids were detected by staining with iodine vapor.
Stained spots were scraped off and phospholipids were quantified by the procedure of
Broekhuyse [29]. For total phospholipid analysis, aliquots of dried lipid extracts were directly
subjected to phosphate determination using phosphate as standard.

For phospholipid species analysis by LC-MS lipids extracted as described above were
dissolved in chloroform/methanol (1/1; v/v) and spiked with a set of 28 internal standards.
Internal standardization and data acquisition by HPLC coupled to a FT-ICR-MS hybrid mass
spectrometer (LTQ-FT, Thermo Scientific) was described previously by Fauland et al. [30].
Data processing takes into account exact mass and retention time and was performed by Lipid

Data Analyzer according to Hartler et al. [31].

2.6.3 Diacylglycerol and triacylglycerol analysis

Diacylglycerols (DG) and triacylglycerols (TG) were extracted and separated by thin

layer chromatography (TLC) using Silica Gel 60 plates (Merck). DG chromatograms were
developed in an ascending manner using chloroform/acetone/acetic acid (45/4/0.5; per vol.) as
a solvent system. TG chromatograms were developed in an ascending manner by a two-step
developing system. First, light petroleum/diethyl ether/acetic acid (35/15/1; per vol.) was used
as mobile phase, and chromatograms were developed to half-distance of the plate. Then,
plates were dried briefly and chromatograms were further developed to the top of the plate
using light petroleum/diethyl ether (49/1; v/v) as the second mobile phase.
Bands were visualized by dipping the plate for 15 s into a solution consisting of 0.63 g
MnCl,.4H,0, 60 ml water, 60 ml methanol, and 4 ml concentrated sulphuric acid, and
incubated in a heating chamber at 105°C for at least 30 min. Then, DG and TG bands were
identified and quantified by comparison to appropriate standards (diolein, triolein) and
densitometric scanning at 400 nm with a TLC Scanner (CAMAG TLC Scanner 3).
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2.6.4 Sterol analysis

Sterol analysis was performed as described by Quail and Kelly [32]. After alkaline
hydrolysis of lipid extracts using cholesterol as internal standard, gas liquid chromatography/
mass spectrometry (GLC/MS) was carried out with a Hewlett-Packard 5890 Gas-
Chromatograph equipped with a mass selective detector (HP 5972), using an HP 5-MS
capillary column (30 m x 0.25 mm i.d. x 0.25 pm film thickness). Sample aliquots of 1 pl
were injected in the splitless mode at 270°C injection temperature with helium as carrier gas
and with a flow rate set at 0.9 ml/ min in constant flow mode. The temperature program was
100°C for 1 min, 10°C/ min to 250°C, and 3°C/ min to 310°C. Sterols were identified by their

mass fragmentation pattern.

2.6.5 Sphingolipid analysis

Bulk membranes and microsomal preparations containing 300 ug protein were spiked
with 30 ul of the internal standard mix as an extraction control (0.15 nmol N-(dodecanoyl)-
sphing-4-enine, 0.15nmol N-(dodecanoyl)-1-B-glucosyl-sphing-4-enine, 4.5 nmol C17
sphinganine, Avanti Polar Lipids, Inc., Alabaster, AL, USA), suspended in 6 ml propan-2-
ol/hexane/water (60:26:14; per vol) and incubated at 60°C for 30 min slightly modifying a
protocol described previously [33]. During the incubation, samples were shortly vortexed and
sonicated after 0, 10, 20 and 30 min. Then, the extracts were cleared from cell debris by
centrifugation, dried wunder a stream of nitrogen, redissolved in 800 ul
tetrahydrofuran/methanol/water (4:4:1; per vol.) [34] and stored under argon at -20°C. For
analysis, samples were resolubilized by gentle heating and sonication.

UPLC-nanoESI-MS/MS was initiated by Ultra Performance Liquid Chromatography
(UPLC) performed on an ACQUITY UPLC® system (Waters Corp., Milford, MA, USA)
equipped with an ACQUITY UPLC® HSS T3 Column (100 mm x 1 mm, 1 um; Waters
Corp., Milford, MA, USA). Aliquots of 2 ul were injected in the partial loop with needle
overfill mode. The flow rate was 0.12 ml/min, and the separation temperature was 35°C.
Inositol containing sphingolipids were separated by linear gradient elution as follows: 65 %
solvent B held for 2 min, linear increase to 100 % solvent B for 8 min, 100 % solvent B held
for 2min and equilibration to 65 % solvent B in 2 min. Ceramides (Cer) and
hexosylceramides (HexCer) were separated as follows: 80 % solvent B held for 2 min, linear

increase to 100 % solvent B for 8 min, 100 % solvent B held for 2 min and equilibration to 80
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% solvent B in 2 min. Solvent B was tetrahydrofuran/methanol/20 mM ammonium acetate
containing 0.1 % (v/v) acetic acid; and solvent A was methanol/20 mM ammonium acetate
containing 0.1 % (v/v) acetic acid. Chip-based nanoelectrospray ionization was achieved with
a TriVersa Nanomate® (Advion, Ithaca, NY, USA) in the positive ion mode with 5 um
internal diameter nozzles, a flow rate of 209 nl/ min and a voltage of 1.5 kV. Detection of
sphingolipid molecular species was carried out with a 4000 QTRAP® tandem mass
spectrometer (AB Sciex, Framingham, MA, USA) by monitoring (i) the transition from
[M+H]" molecular ions to dehydrated long chain base (LCB) fragments for Cer, HexCer and
LCB; and (ii) the loss of phosphoinositol containing head groups for inositol containing
sphingolipids [35,36]. Dwell time was 30 ms and MS parameters were optimized to maximize

detector response.
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3 Results

3.1 Isolation of microsomes from P. pastoris and quality control

P. pastoris cells were harvested at the late exponential growth phase and microsomal
fractions were isolated as described under Experimental Procedures. Figure 1A shows the
protein profiles of homogenate and the two microsomal fractions M30 and M40 as analyzed
by SDS-PAGE. The protein patterns of both microsomal fractions look similar to each other
and also to the pattern of the homogenate indicating that M30 and M40 are major subcellular
fractions. Western blot analysis (Figure 1B) and the -calculation of the relative
enrichment/depletion of the signal intensities from marker proteins (Figure 1C) revealed
marked enrichment of M30 and M40 over the homogenate as judged by the appearance of the
HDEL microsomal marker. This antibody is directed against a C-terminal tetrapeptide found
in ER resident soluble proteins from the yeast. In contrast, other organelle markers such as
the outer mitochondrial membrane protein porin (Porlp), the Golgi marker Emp47p or the
cytosolic glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) were markedly depleted or
even missing in M30 and M40 indicating only marginal contamination with other cellular
fractions. This result led us to conclude that high quality microsomal fractions were obtained
employing the described protocol. Since the ER is in close contact to the plasma membrane
we also used the plasma membrane marker beta-1,3-glucanosyltransferase Gaslp for quality
control. Gaslp was hardly detectable in the homogenate and in the M40 fraction, and present
only at low amount in M30 compared to highly purified plasma membrane. Thus, cross-
contamination of microsomes with plasma membrane was also very low. A possible
peroxisomal contamination was tested by using an antibody directed against the peroxisomal
membrane protein Pex3p. It has to be noted, however, that under growth conditions chosen
for this study peroxisomes do not proliferate. Not unexpectedly, a slight signal of Pex3p was
found in the M30 fraction. It is well known that in un-induced yeast cells Pex3p is retained in
the ER [37,38]. The delta(24)-sterol C-methyltransferase Erg6p was used as another marker
protein. Erg6p was detected in the homogenate and also at a lower amount in M30. This result
is in line with previous findings [17] describing the dual localization of Erg6p in lipid droplets
and in the ER.
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3.2 Lipid analysis of P. pastoris microsomes

3.2.1 Fatty acids

Fatty acids are components of glycerophospholipids, sphingolipids and storage lipids
such as triacylglycerols and steryl esters [39,40]. Since fatty acids are building blocks of
membrane lipids, they contribute to the physical properties of these cell structures [41]. Table
1 shows the fatty acid composition of microsomal membranes M30 and M40 compared to the
homogenate. Oleic acid (18:1) and linoleic acid (18:2) are the predominant fatty acids in the
homogenate and in M30. In these samples, palmitic acid (16:0), linolenic acid (18:3) and the
very long chain cerotic acid (26:0) were also found at substantial amounts, whereas the
amounts of other fatty acids were below 5 % each. Consequently, homogenate (H) and M30
exhibit a high degree of unsaturation. In contrast, the major fatty acids of M40 are palmitic
acid (16:0) followed by oleic acid (18:1) and linoleic acid (18:2). The amount of linolenic
acid was decreased whereas the level of cerotic acid was increased in M40 compared to
homogenate. This pattern resulted in a marked shift of the ratio of unsaturated to saturated

fatty acids to a lower value in M40.

3.2.2 Diacylglycerols and triacylglycerols

Although diacylglycerols (DG) and triacylglycerols (TG) are not typical membrane
lipids and rather stored in lipid droplets [42,43], substantial amounts of these non-polar lipids
were found in microsomes (Figure 2A). The level of DG appears to be similar in homogenate
(H) and in M30 and M40, whereas TG accumulated in M30 by a factor of 5 in comparison to
homogenate and M40. Interestingly, DG and TG species of M30 and M40 were different from
the homogenate (Figure 2B). Major DG species were C34 followed by C36. All of these
species contained at least one mono-unsaturated fatty acid. Noteworthy, C38 species were
only found in the homogenate but not in the microsomes. A detailed list of possible fatty acid
combinations is shown in Supplemental Table S1. Molecular species of TG showed a higher
diversity (Figure 2C). In TG, saturated molecular species were completely missing. The
majority of TG species contained 54 C-atoms followed by 52 C-atoms. Microsomes harbor
more C54 species, whereas the homogenate is enriched in C52 and C56 TG species.

122



Chapter V The lipidome and proteome of microsomes
from the methylotrophic yeast Pichia pastoris

3.2.3  Glycerophospholipids

Glycerophospholipids are important components of the ER because they determine
membrane features which play an important role in diverse functions such as protein and lipid
synthesis and transport [44]. Figure 3 summarizes the results of the phospholipid analysis of
P. pastoris microsomal membranes and homogenate. M30 showed the highest phospholipid
to protein ratio compared to homogenate and M40 (Figure 3A). The total phospholipid
content of M40 microsomes was similar to the homogenate. Analysis of individual
phospholipids (Figure 3B) demonstrated that phosphatidylcholine (PC) is the major
phospholipid in all samples followed by phosphatidylethanolamine (PE). PC values of
microsomes are not markedly different from homogenate. A slight decrease of PE in M40
microsomes was observed. Levels of phosphatidic acid (PA), phosphatidylinositol (PI) and
lysophospholipids (LP) were slightly increased in microsomes whereas only traces of
cardiolipin (CL) were found.

The species patterns of the major phospholipids PC, PE, Pl and PS in homogenate,
M30 and M40 were analyzed by mass spectrometry (Figure 4). The analysis of the fatty acids
of P. pastoris homogenate and microsomes as shown in Table 1 served as a basis for possible
combinations of these fatty acids in phospholipids (Supplemental Table S2). In PC and PE,
C34 and C36 species with different degrees of unsaturation were predominant. In contrast, PS
contained a limited set of C34:1, C34:2 and C34:3 species. The different species patterns of
PS, PE and PC are interesting because these three phospholipids are biosynthetically linked
through the pathway of aminoglycerophospholipid formation [45]. The species pattern of Pl is
also limited to C34:1 and C34:2 as major components. Noteworthy, saturated phospholipid
species were not found in PC, PS and PI, and only at a small amount in PE.

Comparing phospholipid species from the homogenate to M30 and M40 fractions
some minor changes were observed. As examples, C36:5 and C36:6 species of PC were
slightly increased in microsomes at the expense of C34:1 and C36:2. C32 and C34 species of
PE were increased in microsomes at the expense of C36 species; and a decrease of C34:1 in

PI from microsomes was compensated by an increase of C34:3.

3.2.4 Sterols

Sterols of the yeast as of other cell types exist as membrane components or as storage

components in the form of steryl esters [46-49]. Sterols from P. pastoris homogenate and
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microsomes were analyzed by gas-liquid chromatography/mass spectrometry. The content of
ergosterol in the homogenate and the M40 fraction showed comparable levels (5-7 pg/mg
protein), whereas in M30 a 3-fold increase of the ergosterol to protein ratio was detected (~16
pug/mg protein). Ergosterol precursors (ergosta-7,22-dien, episterol, lanosterol, 4-methyl-
zymosterol, 4,4-dimethylcholeta-8,24-dien) were also found in all three fractions although
only at trace amounts (<0.5 pg/mg protein).

3.2.5 Sphingolipids

The simplest membrane sphingolipids in yeast are ceramides (Cer) which contain a
long chain base (sphingoid base) with an acyl chain attached via an amide bond. Different
polar head groups containing hexosyl and inositolphosphoryl units can be bound to ceramides
giving rise to hexosylceramides (HexCer), inositolphosphorylceramides (IPC),
mannosylinositolphosphorylceramides (MIPC), and mannosyldiinositolphosphorylceramides
(M(IP),C) [50,51].

All these sphingolipid classes from bulk membranes and microsomal preparations of
P. pastoris were analyzed at the molecular level by UPLC-nanoESI-MS/MS. Bulk
membranes were prepared as a control by two different cell disruption methods (Zymolyase
or Merckenschlager) which did not, however, affect the outcome of the analysis (Figure 5).
Microsomes M30 and M40 were isolated as described above. The application of a reversed
phase chromatographic separation was crucial for the identification, exclusion of false
positives and discernment between isobaric species and allowed the profiling of 87
sphingolipid molecular species (Figure 5).

The analysis of ceramides and hexosylceramides showed high similarity of species
distributions in bulk membranes and microsomal fractions (Figure 5, Cer and HexCer).
Ceramides containing five different long chain bases (18:0;2, 18:1;2, 18:2;2, 19:2:2 and
18:0;3) and eight different saturated fatty acyl chains (16:0;0, 16:0;1, 18:0;0, 18:0;1, 24:0;0,
24:0;1, 26:0;0 and 26:0;1) were detected in both bulk membranes and microsomal fractions
(Figure 5, Cer). Ceramides harboring a dihydroxy long chain base contained in all cases a
C16 or C18 fatty acyl chain. In contrast, ceramides harboring a trihydroxy long chain base
mainly contained a-hydroxylignoceryl (24:0;1) and a-hydroxycerotyl (26:0;1) chains.

Hesoxylceramides contained exclusively dihydroxy long chain bases and a-hydroxy
C16 and C18 fatty acyl chains (Figure 5, HexCer). The accumulation of hexosylceramides

increased with unsaturation and methylation of the long chain base. The major species
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consists of a diunsaturated and methylated long chain base (19:2;2). This methylated long
chain base was only detected in hexosylceramides and at very low levels in ceramides.

The major inositol containing sphingolipids contained a trihydroxy long chain base
(18:0;3) acylated with a-hydroxylignoceryl (24:0;1) or a-hydroxycerotyl (26:0;1) chains,
giving rise to 42:0;4 and 44:0;4 species (Figure 5, IPC; MIPC and M(IP),C). Minor species
may also contain saturated dihydroxy long chain bases and non hydroxylated fatty acyl
chains. In contrast to ceramides and hexosylceramides, some inositol containing sphingolipids
harbored dihydroxy acyl chains, such as dihydroxylignoceryl (24:0;2) and dihydroxycerotyl
(26:0;2) giving rise to the pentahydroxy species 42:0;5 and 44:0;5, respectively. Comparison
of profiles of inositol containing sphingolipids in bulk membranes and microsomal fractions
showed accumulation of several pentahydroxy species, e.g. 42:0;5 in the microsomal
fractions, whereas several tetrahydroxy species, e.g. IPC(42:0;4) and IPC(44:0;5) were
preferentially found in bulk membranes.

3.3 Proteome analysis of P. pastoris microsomes

For proteome analysis of P. pastoris microsomes, M30 and M40 fractions were
prepared in three biological replicates. The proteomes of these fractions were analyzed by (i)
ion trap mass spectrometry and (ii) Q-TOF mass spectrometry. Additionally, homogenates of
P. pastoris prepared as described in section 2.2 were analyzed.

Microsomal proteins, which were detected in at least two of the three biological
replicates, were identified through annotation in the Universal Protein Resource
Knowledgebase (http://www.uniprot.org/help/uniprotkb). If necessary, functional annotation

was manually curated in addition by individual BLAST search and by protein domain search.
As summarized in a Venn diagram (Figure 6), in microsomes, 294 proteins were detected
compared to more than 620 polypeptides in the homogenate. Among the 294 microsomal
proteins, 126 (~43 %) were exclusively found in the ER fractions but not in the homogenate,
whereas 168 proteins were detected in the homogenate as well. Details are shown in the
Supplemental Table S3. The former group of proteins was considered as highly enriched in
microsomal fractions. Proteins found in all three fractions (H, M30, M40) were mostly
present at lower amounts in the homogenate than in microsomes (see Supplemental Table S3).

Among the proteins enriched in the microsomal fractions, several components of core
ER functions were present including subunits of the translocon pore, the signal peptidase

complex, and the OST complex involved in protein N-glycosylation (see Table 2 and
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Supplemental Table S3). Furthermore, several enzymes involved in N- and O-glycosylation,
GPI1 anchor biosynthesis, and lipid biosynthesis, as well as ER resident chaperones and
foldases were found. It has to be noted that several proteins of the latter group such as the
Hsp70 chaperone, Kar2p and protein disulfide isomerase Pdilp were also detected in the
homogenate, confirming their high abundance in the total cell extract (up to 30 % of total ER
protein). Another large group of proteins detected were proteins which are travelling through
the ER on the way to their final cellular destination such as the Golgi, the vacuole or the cell
surface (plasma membrane and cell wall). Approximately 70 of 294 gene products are
involved in cytoplasmic translation. Most members of this group are components of the
ribosome (63 ribosomal proteins) which are attached to the cytosolic side of the ER
membrane during co-translational translocation, and cytosolic chaperones involved in co- and
post-translational translocation of the nascent polypeptides across the ER membrane through
the Sec6lp and Sshlp translocon pore complexes (for recent review see [6]). Some
mitochondrial membrane proteins were also detected, especially in M30. Our proteome
analysis also identified microsomal enzymes involved in lipid metabolism. A group of fatty
acid synthesizing and elongating proteins such as Faslp, Sur4p or Olelp was detected as well
as proteins involved in phospholipid metabolism such as Cho2p, Saclp and Gpt2p. Moreover,
some enzymes of sterol and sphingolipid metabolism, like Lcblp, Lcb2p and several Erg-
proteins were identified in the microsomal fractions. Enzymes of lipid metabolism predicted
to be localized in the ER were more abundant in M30, as are also ER resident chaperones,
proteins involved in ER glycosylation and mitochondrial proteins. In contrast, ER proteins
with unknown function were enriched in M40, where also the majority of ER-to-Golgi
transport proteins and Golgi glycosylation enzymes were found. No preference for either M30
or M40 was observed for the other functional categories (Table 2 and Supplemental Table
S3).

From the microsomal proteome identified here, 99 proteins were already annotated as
ER-localized or ER-associated and 63 polypeptides as ribosomal proteins, whereas 20
proteins have not yet been assigned to a biological function. Ten of these proteins were
predicted to be localized to the ER. One third of all detected proteins are involved in
carbohydrate and lipid metabolic processes or transmembrane transport. It is well known that
the ER contributes to all of these processes. Furthermore, ER proteins also participate in the
other processes shown in Table 3 such as protein targeting, glycosylation and folding [52-54].

Interestingly, only one component of the peroxisomal import machinery was found, which has
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been reported to be assembled in the ER membrane, confirming that peroxisome biosynthesis
is not highly active in glucose grown P. pastoris.

In Table 3 the top 25 hits of proteins detected in M30 and M40 are listed. The ranking is
based on mean values of protein scores from mass spectrometry. The highest scores were
attributed to Sec63p, a component of the protein targeting and ER import machinery; Ostlp, a
protein involved in protein glycosylation in the ER lumen; and Emp47p which is an integral
membrane component of ER-derived COPII coated vesicles. The top 25 list also includes
proteins involved in the protein secretory process (Sec-proteins), lipid metabolism and protein
glycosylation. A complete list of all 294 proteins found in microsomes with detailed
information about occurrences in M30, M40 and the homogenate as well as their biological

function is shown in the Supplemental Table S3.
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4 Discussion

In the present study we report an isolation protocol for ER fractions (microsomes)
from the methylotrophic yeast P. pastoris which is a valuable microorganism in
biotechnology. The protocol used for isolation of M30 and M40 microsomes was adapted
from methods originally designed for Saccharomyces cerevisiae and is based on various steps
of differential centrifugation.

Although the high purity of microsomal fractions was confirmed by Western Blot
analysis, contamination with other subcellular fractions could not be excluded. Such
contaminations can be derived either from unwanted co-fractionation of other cellular
compartments/components or from ER associated components which represent biologically
relevant structural and functional links of the ER to other organelles. The long list of proteins
detected in microsomal fractions allows interpretations in both directions, although a vast
proportion of polypeptides detected in our proteomic approach appear to be “true” ER
proteins. Within the cell, ER proteins comprise a predominant portion of total proteins as can
also be seen from the protein patterns on SDS Gels (see Fig. 1) and from our proteome
analysis which provides for the first time a deeper insight into the protein molecular
equipment of microsomes from P. pastoris (see Table 2 and 3 and Supplemental Table 3).

The finding that the proteomes of M30 and M40 microsomal fractions were rather
similar was not surprising. The question remained why two different populations of
microsomal vesicles were obtained. A possible explanation for this finding may be
differences in the lipid patterns. As shown in Table 1 and Figure 2, the degree of fatty acid
desaturation and the phospholipid to protein ratio as well as the ergosterol content were
markedly different in M30 and M40. These properties may contribute to differences in the
sedimentation behavior of the two microsomal vesicles populations.

An interesting observation in our lipidome study was the finding that almost all
phospholipid species detected contained at least one unsaturated fatty acid. Since P. pastoris
does not only produce monounsaturated fatty acids like S. cerevisiae [53], but also
polyunsaturated acyl chains, a high degree of unsaturation in the membranes may be reached
and may influences membrane properties. Moreover, enzymes embedded in membranes might
rely on certain conditions in their environment.

Another important observation derived from the lipidome analysis is the phospholipid
class specific pattern of species. These differences can be explained by the biosynthetic origin

of the respective phospholipids. PS and Pl are derived from the same precursor, CDP-
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diacylglycerol [54,55]. Although PS and PI synthases are distinct enzymes, their specificity
appears to be similar resulting in PS and PI species patterns with a large portion on C34:1 and
C34:2. The pattern of species in the aminoglycerophospholipid biosynthetic route (PS — PE —
PC) becomes less specific. This is also due to a second biosynthetic route, the CDP-
ethanolamine/choline pathway contributes to PE and PC formation. These facts result in the
broad and almost randomized pattern of PC species (see Figure 3).

Sterols and sphingolipids are synthesized in the ER and delivered to other organelles,
mostly to the plasma membrane where they contribute to stability/rigidity of the membrane
[56,57]. Interestingly, a number of sterol biosynthetic enzymes (Erg-proteins) were found as
prominent components of the ER in our proteome study (see Table 2, Table 3 and
Supplemental Table S3). Nevertheless, P. pastoris has to be regarded as a low sterol yeast
since sterol levels in all organelle membranes (our own observations and [7,8]) as well as in
lipid droplets in the form of steryl esters [9] are low. Similar to sterols, the concentration of
inositol containing sphingolipids in ER membranes appears to be low compared to the plasma
membrane (our own unpublished observations).

Detection of substantial amounts of DG and TG in microsomes was surprising because
these components are mainly found as storage lipids in lipid droplets. However, it has to be
noted that enzymes of TG synthesis in P. pastoris identified recently [58] are also ER
components.

In conclusion, our study presented here describes an in depth analysis of microsomal
compartments at lipid and protein levels. We regard these analytical data as important for a
deeper knowledge of P. pastoris organelles and to understanding organelle bound processes

of this yeast in more detail.
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Table 1: Fatty acid composition of P. pastoris microsomes
Fatty acids from homogenate (H) and microsomes (M30, M40) were analyzed by GLC.
Results are shown as relative amounts of total fatty acids (%). Data are mean values of two

independent experiments analyzed in replicates (n=4). Maximum standard deviation was
+5%.

Relative amount of total fatty acids (weight %)

M30
M40

C14:0 C16:0 C16:1 C18:0 Ci18:1 C18:2 C18:3 C20:1 C20:2 C26:0 unsat.:sat.
0.5 16.0 3.0 3.7 244 244 1438 0.0 4.5 8.1 2.5
0.4 18.4 3.5 3.5 26.1 26.0 135 1.0 3.4 5.7 2.6
0.7 32.7 3.0 5.2 158 133 6.4 2.0 6.4 11.2 0.9
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Table 2: Categories of proteins detected in the microsomes

Proteome analysis was performed by mass spectrometry from P. pastoris 30,000 g microsomes (M30) and 40,000 g microsomes (M40). Proteins

were analyzed from 3 independent experiments by i) ion trap MS and by ii) Q-TOF MS as described the methods section. Proteins detected more

often in M30 are underlined, while proteins detected more often in M40 are in italics. Proteins that were only found in the microsomal fractions

M30 and M40, but not in the homogenate are highlighted in bold. Details can be found in Supplemental Table S3.

Function

Detected proteins

Translocation across ER membrane

Sec61, Sec63, Sec66, Sec72, Sshl, Sss1

Signal peptidase complex

Secll, Spc2, Spc3

ER protein glycosylation

N-glycosylation: Alg2, Dpm1, Gtb1, Psal, Rot2
OST-complex: Ostl, Ost2, Ost3, Swpl, Wbpl
O-glycosylation: Pmtl, Pmt2

ER Golgi vesicle transport

ER to Golgi: Arfl, Emp24, Emp47, Erp5, Ervl4, Erv25, Secl8, Ykt6
Golgi to ER: Getl, Get2, Sec22

Golgi - endosome/vacuole: Vpsl1,Vtil, Ykt6, Ypt32, Ypt52

Golgi to PM: Bmh2, Sec4, Snc2, Sso2

GPI anchor biosynthesis

Gpi8, Gpil6, Gpil7

ER resident chaperones & foldases

chaperones: Cnel, Erj5, Kar2, Lhsl
PPlases: Cpr5, Fpr2
oxidative folding: Erol, Pdil, Mpd1, ERp38

Other ER resident proteins

Rtn1, Sbfl, Gsf2, Gttl, Cbrl, Yopl

Lipid metabolism

sterol biosynthesis: Ergl, Erg2, Erg3, Erg5, Erg6, Erg9, Ergl10, Ergll, Erg25, Erg26,
Hmgl, Ncpl, Nsg2

fatty acid metabolism: Faal, Fad2, Fasl, Fenl, 1fa38, Olel, Sur4

phospholipid metabolism: Ayrl, Cho2, Pctl, Sacl, Slcl

sphingolipid metabolism: Dpl1, Hfd1, Lcbl, Lcb2, SIm1, PAS chr4d 0465

lipid metabolism: Tcb1, Tcb3, PAS_chr2-1_0835

others: Hetl, Stt4
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Golgi

glycosylation: Gdal, Kre2, Ktrl, Ktr4, Mnn2-2, Mnn9, Vrg4
other: Pmrl

Ribosome/translation

64 ribosomal proteins of the small and the large subunit

associated to ribosomes: Tmal9, Bfrl

translation control: Ascl, Dbp2, Dedl, Efbl, Eft2, Tef2, Tef4-1, Tifl, Yef3
chaperones: Cajl, Cprl, Hsp31, Hsp82, Sisl, Ssal, Ssh2, Ssel, Ydjl

Mitochondria

respiratory chain (inner membrane): Cox4, Cox5B, Ndel, Qcr2
other membrane proteins: Fmp52, Ggcl, Mirl, Odcl, Pet9, Porl
F1FO ATP synthase: Atpl, Atp2, Atp4, Atp5, Atp7, Atp20
translocase: Sscl, Tom22, Tom40

Vacuole Cpsl, Pep4, Vac8, Vma6, Vphl, Vps70, Ycfl

Cell surface plasma membrane transporters and proteins: Ady2-1, Ady2-2, Agyl, Ctrl, Dip5, Ena2,
Frel, Hxt7, Ist2, Ncel02, Ste6, Pdr5-1, Pdr5-2, Pga3, Pmal, Punl, Rasl, Rsrl, Sitl,
Sngl, Sng2, Sur7, Yck2, Ypsl-2
cell wall proteins: Bgl2, Flo5-1, Fks1, Gasl-1, Gasl-2, Gas3, Scw10, YJL171C
proteins involved in cell polarity: Actl, Rgdl, Rhol, Rho3, Cdc42
eisosomes: Eisl, Lspl, Segl, Pill

Other ERAD: Cdc48

ER-nuclear membrane: Pom33, Gspl

peroxisome: Pex14

histone: Hta2, Htb2, Hhfl

core metabolism: Adh2, Cdc19, Enol, Gnd2, Pgkl, Sah1, Sam1, Ser3, Tall-1, Tdh3
unknown: PAS_chrl-4 0091, PAS chr2-1 0218, PAS chr2-1 0254, PAS_chr2-2_0082,
PAS chr2-2 0394, PAS_chr3_0261, PAS chr3 0692, PAS chr3 1023, PAS_chr4_0320,
Phm7

other: Fral-1, Phb2, Rsp5, Urol, Ynkl

Unknown function, predicted to be ER
localized

Emc7, Irc22, Msc7, PAS _chrl-3 0136, PAS chr2-1 0046, PAS chr2-2 0124,
PAS chr3 0249, PAS chr3 1178, Yet3, YNR021W
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Table 3: The Top 25 proteins of P. pastoris microsomes

Proteome analysis was performed by mass spectrometry from P. pastoris 30,000 g microsomes (M30) and 40,000 g microsomes (M40). Proteins

were analyzed from 3 independent experiments by i) ion trap MS and by ii) Q-TOF MS. The Top 25 proteins (i) ranked by protein score (1, highest

score) derived from the ion scores during MS (proteins with a protein score higher than 70 and a minimum of two peptides identified were

accepted); (i) found in both microsomal fractions, but not in the homogenate; and (iii) at least in two out of three preparations were included. R:

Rank, MM: molecular mass; kDa: Kilo Dalton; SP: predicted signal peptide (SignalP 40 Server); SA: predicted signal anchor (SignalP 40 Server);

TMH: predicted transmembrane helices (TMHMM2,0). Numbers indicate the amount of TMHS. n: no; y: yes;

Short Short Systematic
R Probe Name Name S Name S Protein description of S. cerevisiae homolog in MM sp | sa | TMH
ID P. ame o. o Saccharomyces Genome Database [kDa]
. cerevisiae cerevisiae
pastoris
Essential subunit of Sec63 complex (Sec63p, Sec62p, Sec66p
. and Sec72p); with Sec61 complex, Kar2p/BiP and Lhs1p forms
1| Pipas_chrd_0395 SEC63 SEC63 YOR254C a channel competent for SRP-dependent and post-translational 736 n y 3
SRP-independent protein targeting and import into the ER
Alpha subunit of the oligosaccharyl transferase complex of the
2 | Pipas_chr3 0741 0OST1 0OST1 YJL002C | ER lumen, which catalyzes asparagine-linked glycosylation of 52.2 y n 1
newly synthesized proteins
. Integral membrane component of endoplasmic reticulum-derived
3 | Pipas_chr4_0432 EMP47 EMP4T YFL048C COPII-coated vesicles, which function in ER to Golgi transport 536 y n 1
Protein O-mannosyltransferase of the ER membrane; transfers
. mannose from dolichyl phosphate-D-mannose to protein serine
4 | Pipas_chr2-1_0212 PMT1 PMT1 YDLO%SW and threonine residues; involved in ER quality control; amino 895 : n 9
terminus faces cytoplasm, carboxyl terminus faces ER lumen
C-3 sterol dehydrogenase, catalyzes the second of three steps
5 | Pipas_chrl-4_0604 ERG26 ERG26 YGLO0O01C | required to remove two C-4 methyl groups from an intermediate 38.0 n n 0
in ergosterol biosynthesis
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Pipas_chr3_0957

ERG11

ERG11

YHRO007C

Lanosterol 14-alpha-demethylase; catalyzes the C-14
demethylation of lanosterol to form 4,4"-dimethyl cholesta-
8,14,24-triene-3-beta-ol in the ergosterol biosynthesis pathway;
member of the cytochrome P450 family; associated and
coordinately regulated with the P450 reductase Ncplp

58.8

Pipas_chr3_0488

TCB1

TCB1

YORO086C

Lipid-binding ER protein involved in ER-plasma membrane
tethering; one of 6 proteins (Ist2p, Scs2p, Scs22p, Tcblp, Tch2p,
Tch3p) that connect ER to the plasma membrane (PM) and
regulate PM phosphatidylinositol-4-phosphate (P14P) levels by
controlling access of Saclp phosphatase to its substrate PI4P in
the PM; contains three calcium and lipid binding domains; non-
tagged protein also localizes to mitochondria; C-termini of
Tcblp, Tch2p and Tch3p interact

129.2

Pipas_chr2-1_0448

SEC72

SEC72

YLR292C

Non-essential subunit of Sec63 complex (Sec63p, Sec62p,
Sec66p and Sec72p); with Sec61 complex, Kar2p/BiP and
Lhslp forms a channel competent for SRP-dependent and post-
translational SRP-independent protein targeting and import into
the ER

22.0

Pipas_chr2-1 0564

ERP5

ERP5

YHR110W

Protein with similarity to Emp24p and Erv25p, member of the
p24 family involved in ER to Golgi transport

27.3

10

Pipas_chr2-1_0433

SEC66

SEC66

YBR171W

Non-essential subunit of Sec63 complex (Sec63p, Sec62p,
Sec66p and Sec72p); with Sec61 complex, Kar2p/BiP and
Lhslp forms a channel competent for SRP-dependent and post-
translational SRP-independent protein targeting and import into
the ER

22.6

11

Pipas_chrl-3 0134

ERJ5

ERJ5

YFRO041C

Type | membrane protein with a J domain is required to preserve
the folding capacity of the endoplasmic reticulum; loss of the
non-essential ERJ5 gene leads to a constitutively induced
unfolded protein response

35.0

12

Pipas_chr1-3_0202

SEC61

SEC61

YLR378C

Essential subunit of Sec61 complex (Sec61p, Sbhlp, and Ssslp);
forms a channel for SRP-dependent protein import and
retrograde transport of misfolded proteins out of the ER; with
Sec63 complex allows SRP-independent protein import into ER

52.5
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13

Pipas_chrl-1 0120

TCB3

TCB3

YMLO72C

Cortical ER protein involved in ER-plasma membrane tethering;
one of 6 proteins (Ist2p, Scs2p, Scs22p, Tcblp, Tcb2p, Tch3p)
that connect ER to the plasma membrane (PM) and regulate PM
phosphatidylinositol-4-phosphate (P14P) levels by controlling
access of Saclp phosphatase to its substrate P14P in the PM,;
localized to the bud via specific MRNA transport; non-tagged
protein detected in a phosphorylated state in mitochondria; C-
termini of Tcblp, Tch2p and Tcb3p interact

155.2

14

Pipas_chr3_1259

ERV25

ERV25

YMLO012W

Protein that forms a heterotrimeric complex with Erp1, Erp2p,
and Emp24, member of the p24 family involved in endoplasmic
reticulum to Golgi transport

30.6

15

Pipas_chr2-1_0342

GSF2

GSF2

YMLO048W

ER localized integral membrane protein that may promote
secretion of certain hexose transporters, including Gal2p;
involved in glucose-dependent repression

44.9

16

Pipas_chrl-4 0187

SEC11

SEC11

YIR022W

18kDa catalytic subunit of the Signal Peptidase Complex (SPC;
Spclp, Spc2p, Spe3p, and Secllp) which cleaves the signal
sequence of proteins targeted to the endoplasmic reticulum (2, 3
and see Summary Paragraph) Name Description SECretory 4

19.3

17

Pipas_chr4_0504

NCE102

NCE102

YPR149W

Protein of unknown function; contains transmembrane domains;
involved in secretion of proteins that lack classical secretory
signal sequences; component of the detergent-insoluble
glycolipid-enriched complexes (DIGs)

18.3

18

Pipas_chr2-1 0589

SPC2

SPC2

YMLO55W

Subunit of signal peptidase complex (Spclp, Spc2p, Spe3p,
Secl1p), which catalyzes cleavage of N-terminal signal
sequences of proteins targeted to the secretory pathway;
homologous to mammalian SPC25

20.0

19

Pipas_chr3_1157

YPS1-2

YPS1

YLR120C

Aspartic protease, member of the yapsin family of proteases
involved in cell wall growth and maintenance; attached to the
plasma membrane via a glycosylphosphatidylinositol (GPI)
anchor

60.5

20

Pipas_chr1-3_0125

MPD1

MPD1

YOR288C

Member of the protein disulfide isomerase (PDI) family;
interacts with and inhibits the chaperone activity of Cnelp;
MPD1 overexpression in a pdil null mutant suppresses defects
in Pdilp functions such as carboxypeptidase Y maturation

33.5
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21

Pipas_chr2-1_0633

EMP24

EMP24

YGL200C

Component of the p24 complex; binds to GPI anchor proteins
and mediates their efficient transport from the ER to the Golgi;
integral membrane protein that associates with endoplasmic
reticulum-derived COPII-coated vesicles

22.6

22

Pipas_chr3_0733

LCB2

LCB2

YDR062W

Component of serine palmitoyltransferase, responsible along
with Lcb1p for the first committed step in sphingolipid
synthesis, which is the condensation of serine with palmitoyl-
CoA to form 3-ketosphinganine

62.6

23

Pipas_chr4_0254

MSC7

MSC7

YHRO039C

Protein of unknown function, green fluorescent protein (GFP)-
fusion protein localizes to the endoplasmic reticulum; msc7
mutants are defective in directing meiotic recombination events
to homologous chromatids

71.0

24

Pipas_chr3_0053

ERG25

ERG25

YGR0O60W

C-4 methyl sterol oxidase, catalyzes the first of three steps
required to remove two C-4 methyl groups from an intermediate
in ergosterol biosynthesis; mutants accumulate the sterol
intermediate 4,4-dimethylzymosterol

37.2

25

Pipas_chr2-1_0038

YET3

YET3

YDLO072C

Protein of unknown function; YET3 null mutant decreases the
level of secreted invertase; homolog of human BAP31
protein;protein abundance increases in response to DNA
replication stress

21.9
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Figure 1: Protein profile and quality control of P. pastoris microsomes

A) Coomassie Blue stained SDS-Gel and B) Western Blot analysis of homogenate (H) and
microsomes (M30, M40). 10 ug protein of each sample was loaded per lane. Antibodies
against a microsomal HDEL-sorting signal, Golgi protein Emp47p, cytosolic glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH), mitochondrial protein Porlp, peroxisomal membrane
protein Pex3p, lipid droplet/ER protein Erg6p and plasma membrane (PM) protein Gaslp
were used. C) Relative enrichment/depletion of marker proteins detected by Western Blot.
Homogenate and plasma membrane signal intensities were set at 1. The enrichment/depletion
of protein signals detected in microsomes was calculated over the homogenate or the plasma
membrane. *Plasma membrane was used to monitor Gaslp, which could not be detected in

the homogenate. Data are mean values of at least two independent Western Blot analyses.
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Figure 2: Analysis of diacylglycerols and triacylglycerols from P. pastoris microsomes

A) Diacylglycerols (DG) and triacylglycerols (TG) were analyzed from P. pastoris
homogenate (H), 30,000 g microsomes (M30) and 40,000 g microsomes (M40) as described
in the methods section. Data are mean values from two independent experiments analyzed in
replicates (n=4). Error bars indicate standard deviation.

B) Molecular species of diacylglycerols and C) triacylglycerols from homogenate (H) and
microsomes (M30, M40) were analyzed by LC-MS. Results are shown as relative amounts
(%). Data are mean values from two independent experiments analyzed in replicates (n=4).
Error bars indicate standard deviation.
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Figure 3: Total and individual phospholipids of P. pastoris microsomes

A) Total phospholipids were extracted and analyzed as described in the methods section from
homogenate (H) and microsomes (M30, M40). Data are mean values of three independent
experiments analyzed in replicates (n=6). Error bars indicate standard deviation.

B) Individual phospholipids from homogenate (H) and microsomes (M30, M40) were
separated by two-dimensional TLC and quantified as described in the methods section. After
iodine staining phospholipid spots were scratched off and the phosphate content was
analyzed. The relative distribution of cardiolipin (CL), dimethylphosphatidylethanolamine
(DMPE), lysophospholipids (LP), phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (Pl) and phosphatidylserine (PS) is
shown as mol % of total phospholipids. Data are mean values of three independent

experiments analyzed in replicates (n=6). Error bars indicate standard deviation.
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Figure 4: Molecular species of individual phospholipids from P. pastoris microsomes

Molecular species of phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI) and phosphatidylserine (PS) from homogenate (H) and microsomes
(M30, M40) were analyzed by LC-MS. Results are shown as relative amounts (%). Data are

mean values of two independent experiments. Measured values deviate less than £4.5% from
the mean value.
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Figure 5: Sphingolipids of P. pastoris microsomes

Sphingolipids were extracted from P. pastoris bulk membranes (BM-Zym or BM-MS) and
M30 and M40 microsomal fractions as described in the methods section and analyzed by
UPLC-nanoESI-MS/MS. Molecular species of inositolphosphorylceramides (IPC),
mannosylinositolphosphorylceramides  (MIPC),  mannosyldiinositolphosphorylceramides
(M(IP)2C), ceramides (Cer) and hexosylceramides (HexCer) were identified. Results are
shown as relative peak areas (%). Data were obtained from two independent BM, M30 and

M40 preparations, two replicates each (n=4). Error bars indicate standard deviation.
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Figure 6: Venn diagram of P. pastoris microsomal proteome

Proteome analysis was performed by mass spectrometry from P. pastoris homogenate, 30,000
g microsomes (M30) and 40,000 g microsomes (M40). Proteins were analyzed from 3
independent experiments by (i) ion trap MS and (ii) Q-TOF MS as described in the Methods

section. Distribution and localization of detected proteins are indicated.
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Supplemental Table S1:

Possible fatty acid combinations of diacylglycerols and

triacylglycerols from P. pastoris microsomes

Possible combinations of acyl chains in diacylglycerols (DG) and triacylglycerols (TG) from

homogenate (H) and microsomes (M30, M40) are listed, based on the detected fatty acids, in

Table 1.

Diacylglycerol species

Possible fatty acid combination (based on detected
fatty acids shown in Table 1)

C34:1
C34:2

C34:3
C34:4
C36:1
C36:2

C36:3
C36:4
C36:5
C36:6
C38:1
C38:2
C38:3
C38:4
C38:5

Triacylglycerol species

C16:0-C18:1; C16:1-C18:0

C16:0-C18:2; C16:1-C18:1; C14:0-C20:2; C14:1-
C20:1

C16:0-C18:3; C16:1-C18:2;

C16:1-C18:3;

C16:0-C20:1; C16:1-C20:0; C18:0-C18:1
C16:0-C20:2; C16:1-C20:1; C18:0-C18:2; C18:1-
C18:1

C16:1-C20:2; C18:0-C18:3; C18:1-C18:2
C18:1-C18:3; C18:2-C18-2

C18:2-C18:3

C18:3-C18:3

C18:0-C20:1

C18:0-C20:1; C18:1-C20:1

C18:1-C20:2; C18:2-C20:1

C18:2-C20:2; C18:3-C20:1

C18:3-C20:2

Possible fatty acid combination (based on detected
fatty acids shown in Table 1)

C50:2

C50:3

C52:2

C52:3

C52:4

C52:5

C52:6
C54:2

C14:0-C18:1-C18:1; (C14:0-C18:0-C18:2; C14:0-
C16:0-C20:2; C14:0-C16:1-C20:1; C16:0-C16:0-
C18:2; C16:0-C16:1-C18:1; C16:1-C16:1-C18:0
C14:0-C18:1-C18:2; C14:0-C18:0-C18:3; C14:0-
C16:1-C20:2; C16:0-C16:0-C18:3; (C16:0-Cl16:1-
C18:2; C16:1-C16:1-C18:1
C14:0-C18:0-C20:2; (C14:0-C18:1-C20:1; C16:0-
C18:0-C18:2; C16:1-C18:0-C18:1
C14:0-C18:1-C20:2; (C14:0-C18:2-C20:1; C16:0-
C18:0-C18:3; (C16:0-C18:1-C18:2; C(Cl16:1-C18:0-
C18:2; C16:1-C18:1-C18:1
C14:0-C18:2-C20:2; (C14:0-C18:3-C20:1; C16:0-
C18:1-C18:3; (C16:0-C18:2-C18:2; (C16:1-C18:0-
C18:3; C16:1-C18:1-C18:2
C14:0-C18:3-C20:2; C16:0-C18:2-C18:3; C16:1-
C18:1-C18:3; C16:1-C18:2-C18:2
C16:0-C18:3-C18:3; C16:1-C18:2-C18:3
C14:0-C20:1-C20:1; C16:0-C18:0-C20:2; C16:0-
C18:1-C20:1; C16:1-C18:0-C20:1; (C18:0-C18:0-
C18:0; C18:0-C18:1-C18:1
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C54:3

C54:4

C54:5

C54:6
C54:7
C54:8
C54:9
C56:3
C56:4
C56:5

C56:6

C14:0-C20:1-C20:2; C16:0-C18:1-C20:2; C16:0-
C18:2-C20:1; C16:1-C18:0-C20:2; C1l6:1-C18:1-
C20:1; C18:0-C18:0-C18:3; (C18:0-C18:1-C18:2;
C18:1-C18:1-C18:1

C14:0-C20:2-C20:2; (C16:0-C18:2-C20:2; C16:0-
C18:3-C20:1; C16:1-C18:2-C20:1; (C18:0-C18:1-
C18:3; C18:0-C18:2-C18:2; C18:1-C18:1-C18:2
C16:0-C18:3-C20:2; (C16:1-C18:2-C20:2; Cl6:1-
C18:3-C20:1; (C18:0-C18:2-C18-3; (C18:1-C18:1-
C18:3

C16:1-C18:3-C20:2; (C18:0-C18:3-C18:3; (C18:1-
C18:2-C18:3; C18:2-C18:2-C18:2
C18:1-C18:3-C18:3; C18:2-C18:2-C18:3
C18:2-C18:3-C18:3

C18:3-C18:3-C18:3

C18:0-C18:1-C20:2; (C18:0-C18:2-C20:1; C18:1-
C18:1-C20:1

C18:0-C18:2-C20:2; (C18:0-C18:3-C20:1; C18:1-
C18:1-C20:2; C18:1-C18:2-C20:1
C18:0-C18:3-C20:2; (C18:1-C18:2-C20:2; C18:1-
C18:3-C20:1; C18:2-C18:2-C20:1
C18:1-C18:3-C20:2; (C18:2-C18:2-C20:2; C(C18:2-
C18:3-C20:1
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Supplemental Table S2: Possible fatty acid combinations of individual phospholipid species
from P. pastoris microsomes

Possible combinations of acyl chains of molecular species of phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS) from
homogenate (H) and microsomes (M30, M40) are listed, based on the detected fatty acids, in
Table 1.

Phospholipid species Possible fatty acid combination ( based on detected fatty acids

from table 1)

C32:0 C14:0-C18:0; C16:0-C16:0

C32:1 C14:0-C18:1; C16:0-C16:1

C32:2 C14:0-C18:2; C16:1-C16:1

C34:.0 C16:0-C18:0

C34:1 C16:0-C18:1; C16:1-C18:0

C34:2 C16:0-C18:2; C16:1-C18:1; C14:0-C20:2; C14:1-C20:1

C34:3 C16:0-C18:3; C16:1-C18:2; C14:1-C20:2

C34:4 C16:1-C18:3;

C36:1 C16:0-C20:1; C16:1-C20:0; C18:0-C18:1

C36:2 C16:0-C20:2; C16:1-C20:1; C18:0-C18:2; C18:1-C18:1

C36:3 C16:1-C20:2; C18:0-C18:3; C18:1-C18:2

C36:4 C18:1-C18:3; C18:2-C18-2

C36:5 C18:2-C18:3

C36:6 C18:3-C18:3

152



Chapter V The lipidome and proteome of microsomes from the methylotrophic yeast Pichia
pastoris

Supplemental Table S3: Microsomal proteome of P. pastoris.

Detected proteins from proteome analysis by mass spectrometry, which was performed from P. pastoris 30,000 g microsomes (M30) and 40,000 g
microsomes (M40), are listed. Proteins were analyzed from 3 independent experiments by i) ion trap MS and by ii) Q-TOF MS. Uniport_ID: Name
of protein entry in Uniprot Database, in most cases for P. pastoris strain GS115. Short_Name: Short protein name; names are assigned based on
homology to Saccharomyces cerevisiae. Short Name_Sc: Short protein name of S. cerevisiae homolog. Description: Information about
gene/protein function as given in Saccharomyces Genome Database or NCBI. Functional category: manual curation of protein function and
localization of S. cerevisiae homolog. Signal peptide: prediction of cleavable signal peptides by SignalP 4.0 (1: presence, 0: absence). Signal
anchor: prediction of transmembrane signal anchors by SignalP 4.0 (1: presence, 0: absence); GPI anchors are also indicated. TMD: prediction of
transmembrane helices by TMHMM 2.0 (TMH, number of transmembrane helices; 0: absence). MM: molecular mass in kDa. pl: isoelectric point.
rank in total extract: ranking of proteins in total cell extract out of 685 detected proteins (1: highest score; 685: lowest score; 0: not detected). M30,
M40: number out of 3 microsome preparations in which a certain protein was detected in fraction M30 or M40. #Peptides: maximum number of
peptides identified in microsomal fractions M30/M40. SC [%]: maximal sequence coverage of identified protein in microsomal fractions M30/M40.
Abbreviations: ER: endoplasmic reticulum; cyto: cytosol; LP: lipid particle; MOM: mitochondrial outer membrane; PM: plasma membrane;

localization data for S. cerevisiae homolog.

Uniprot_ID | Short_Name Short_Name_Sc | Description Functional categor Signal Signal TMD Mw | tr;r;l]( " M30 | M40 # ¢
prot_ - - = p gory peptide anchor [kDa] P extract Peptides | [%6]
CAQYF3 BGL2 BGL2 Endo-beta-1,3-glucanase, major protein of the cell wall, cell wall 1 0 0 339 |39 |0 2 3 4 17.0
involved in cell wall maintenance
Catalytic subunit of 1,3-beta-D-glucan synthase, functionally
C4R1D? FKS1 FKS1 redundant with a!ternate cg_talytlc su_bunlt Gsc2p; binds _to cell wall 0 0 TMH, 2151 81 38 3 3 28 219
regulatory subunit Rholp; involved in cell wall synthesis and 14
maintenance; localizes to sites of cell wall remodeling
Lectin-like cell wall protein (flocculin) involved in
C4QYW7 FLO5-1 FLO5 flocculation, binds to mannose chains on the surface of other cell wall 1 0 TMH, 1 | 51.2 4.2 0 2 2 3 9.6
cells
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Beta-1,3-glucanosyltransferase, required for cell wall
assembly; localizes to the cell surface via a GPI

caQuLa GASL-1 GAS1 glycosylphosphatidylinositol (GPI) anchor; also found at the cell wall anchor 57.3 39 172 8 177
nuclear periphery
Beta-1,3-glucanosyltransferase, required for cell wall
assembly; localizes to the cell surface via a GPI

C4QVLS GAS1-2 GAS1 glycosylphosphatidylinositol (GPI) anchor; also found at the cell wall anchor 583 38 0 8 219
nuclear periphery
Low abundance member of the GAS family of GPI-containing GPI

C4R9F4 GAS3 GAS3 proteins; putative 1,3-beta-glucanosyltransferase; localizes to cell wall anchor 53.8 4.0 0 4 13.1
the cell wall;

C4QVL7 SCW10 SCW10 Cell wall protein with similarity to glucanases cell wall 0 35.9 4.8 141 2 13.2
GPl-anchored cell wall protein of unknown function; induced

C4R2BY YILL71C YILI71C in response to cell wall damaging agents and by mutations in cell wall GPI 245 40 0 2 94
genes involved in cell wall biogenesis; sequence similarity to anchor ’ ' '
YBR162C/TOS1, a covalently bound cell wall protein
Nuclear type 11 J heat shock protein of the E. coli dnaJ family,

C4R796 CAL CAIL contains a leucine zipper-like motif, binds to non-native chanerone 0 77 58 0 7 28.8
substrates for presentation to Ssa3p, may function during P ’ ' :
protein translocation, assembly and disassembly
Cytoplasmic peptidyl-prolyl cis-trans isomerase (cyclophilin),

C4QVQ4 CPR1 CPR1 catalyzes the cis-trans isomerization of peptide bonds N- chaperone 0 18.0 6.1 80 5 321
terminal to proline residues
Possible chaperone and cysteine protease with similarity to E.

C4R5A4 HSP31 HSP31 coli Hsp31; member of the DJ-1/ThiJ/Pfpl superfamily chaperone 0 254 6.0 295 2 253
Hsp90 chaperone required for pheromone signaling and
negative regulation of Hsflp; docks with Tom70p for

C4QXI5 HSP82 HSP82 mitochondrial preprotein delivery; promotes telomerase DNA chaperone 0 80.9 4.7 24 15 32.2
binding and nucleotide addition; interacts with Cns1p, Cprép,

Cpr7p, Stilp
Type 11 HSP40 co-chaperone that interacts with the HSP70

C4R2Q1 SIS1 SISl protein Ssalp; not functionally redundant with Ydj1p due to chaperone 0 37.0 9.2 0 11 46.2
due to substrate specificity
ATPase involved in protein folding and nuclear localization

C4R887 SSAL SSAL signal (NLS)-directed nuclear transport; member of heat chaperone 0 69.6 47 8 21 50.2

shock protein 70 (HSP70) family; forms a chaperone complex
with Ydj1p; localized to the nucleus, cytoplasm, and cell wall
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C4R5E4 SSB2

SSB2

Cytoplasmic ATPase that is a ribosome-associated molecular
chaperone, functions with J-protein partner Zuolp; may be
involved in the folding of newly-synthesized polypeptide
chains; member of the HSP70 family

chaperone

4.9

20

C4R9F1 SSE1

SSE1

ATPase that is a component of the heat shock protein Hsp90
chaperone complex; binds unfolded proteins; member of the
heat shock protein 70 (HSP70) family; localized to the
cytoplasm

chaperone

78.7

5.0

65

8.5

C4R2z2 YDJ1

YDJ1

Type | HSP40 co-chaperone involved in regulation of the
HSP90 and HSP70 functions; involved in protein
translocation across membranes; member of the DnaJ family

chaperone

43.4

5.8

245

C4R0S8 ADH2

ADH2

Glucose-repressible alcohol dehydrogenase I, catalyzes the
conversion of ethanol to acetaldehyde; involved in the
production of certain carboxylate esters

core metabolism

5.8

C4R1P9 CDC19

CDC19

Pyruvate kinase, functions as a homotetramer in glycolysis to
convert phosphoenolpyruvate to pyruvate, the input for
aerobic (TCA cycle) or anaerobic (glucose fermentation)
respiration

core metabolism

55.5

6.1

50

11

46.1

C4R3H8 ENO1

ENO1

Enolase I, a phosphopyruvate hydratase that catalyzes the
conversion of 2-phosphoglycerate to phosphoenolpyruvate
during glycolysis and the reverse reaction during
gluconeogenesis

core metabolism

46.5

5.3

22

C4R430 GND2

GND2

6-phosphogluconate dehydrogenase (decarboxylating),
catalyzes an NADPH regenerating reaction in the pentose
phosphate pathway; required for growth on D-glucono-delta-
lactone

core metabolism

53.9

59

16

C4QY07 PGK1

PGK1

3-phosphoglycerate kinase, catalyzes transfer of high-energy
phosphoryl groups from the acyl phosphate of 1,3-
bisphosphoglycerate to ADP to produce ATP; key enzyme in
glycolysis and gluconeogenesis

core metabolism

441

8.7

17

C4R5W1 SAH1

SAH1

S-adenosyl-L-homocysteine hydrolase, catabolizes S-
adenosyl-L-homocysteine which is formed after donation of
the activated methyl group of S-adenosyl-L-methionine
(AdoMet) to an acceptor

core metabolism

48.6

53

21

C4R5U7 SAM2

SAM2

S-adenosylmethionine synthetase, catalyzes transfer of the
adenosyl group of ATP to the sulfur atom of methionine

core metabolism

42.3

6.1

64

9.9

C4R1C8 SER3

SER3

3-phosphoglycerate dehydrogenase, catalyzes the first step in
serine and glycine biosynthesis

core metabolism

5.8

143

5.8
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C4R245 TAL1-1

TAL1

Transaldolase, enzyme in the non-oxidative pentose phosphate
pathway; converts sedoheptulose 7-phosphate and
glyceraldehyde 3-phosphate to erythrose 4-phosphate and
fructose 6-phosphate

core metabolism

35.5

4.9

31

C4RO0P1 TDH3

TDH3

Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3,
involved in glycolysis and gluconeogenesis; tetramer that
catalyzes the reaction of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate; detected in the cytoplasm and cell wall

core metabolism

35.6

6.3

15

58.0

C4R1J7 EIS1

EIS1

Component of the eisosome that is required for proper
eisosome assembly; similarity to YkI050cp and Usolp

eisosome

5.8

258

C4R3X5 LSP1

LSP1

Primary component of eisosomes, which are large immobile
patch structures at the cell cortex associated with endocytosis,
along with Pillp and Sur7p; member of the BAR domain
family

eisosome

33.9

4.7

69

17

CA4R5LY PAS_chr3_0802

SEG1

Component of eisosome required for proper eisosome
assembly; precedes Pillp/Lsplp during eisosome formation
and controls eisosome length and shape; Seglp-GFP diffusely
distributed and forms heterogeneous patches at the plasma
membranebuds, also found in medium and large buds; may
interact with ribosomes

eisosome

9.7

3.9

C4QYV1 PIL1

PIL1

Primary component of eisosomes, which are large immobile
cell cortex structures associated with endocytosis; member of
the BAR domain

eisosome

35.2

4.9

49

19

C4R0B4 CNE1

CNE1

Calnexin; integral membrane ER chaperone involved in
folding and quality control of glycoproteins; chaperone
activity is inhibited by Mpd1p, with which Cnelp interacts;
24% identical to mammalian calnexin; Ca+ binding not yet
shown in yeast

ER chaperone

TMH, 1

63.0

4.4

320

14

C4QWL5 CPR5

CPR5

Peptidyl-prolyl cis-trans isomerase (cyclophilin) of the
endoplasmic reticulum, catalyzes the cis-trans isomerization
of peptide bonds N-terminal to proline residues

ER chaperone

24.7

4.6

498

13

C4QvcCl ERJ5

ERJ5

Type | membrane protein with a J domain is required to
preserve the folding capacity of the endoplasmic reticulum

ER chaperone

TMH, 1

35.0

C4QVvUl ERO1

ERO1

Thiol oxidase required for oxidative protein folding in the
endoplasmic reticulum

ER chaperone

60.2

4.8

12.3

C4QWA2 ERp38

NA

Protein disulfide isomerase; multifunctional protein of ER
lumen

ER chaperone

42.0

5.9

156




Chapter V

The lipidome and proteome of microsomes from the methylotrophic yeast Pichia

pastoris

C4R379

FPR2

FPR2

Membrane-bound peptidyl-prolyl cis-trans isomerase
(PPlase); expression pattern suggests possible involvement in
ER protein trafficking

ER chaperone

16.6

5.8

9.9

C4R0D7

GSF2

GSF2

ER localized integral membrane protein that may promote
secretion of certain hexose transporters

ER chaperone

44.9

4.7

C4R2T6

GTT1

GTT1

ER associated glutathione S-transferase capable of
homodimerization

ER chaperone

9.0

280

C4Qzs3

KAR2

KAR2

ATPase involved in protein import into the ER, also acts as a
chaperone to mediate protein folding in the ER and may play
arole in ER export of soluble proteins; regulates the unfolded
protein response via interaction with Irelp

ER chaperone

TMH, 1

74.2

4.6

89

35

49.0

C4QV45

LHS1

LHS1

Molecular chaperone of the endoplasmic reticulum lumen,
involved in polypeptide translocation and folding; nucleotide
exchange factor for the ER lumenal Hsp70 chaperone Kar2p;
regulated by the unfolded protein response pathway

ER chaperone

TMH, 1

99.5

4.9

10

19.0

C4QVB2

MPD1

MPD1

Member of the protein disulfide isomerase (PDI) family;
interacts with and inhibits the chaperone activity of Cnelp;
MPD1 overexpression in a pdil null mutant suppresses
defects in Pdilp functions such as carboxypeptidase Y
maturation

ER chaperone

335

C4R938

PDI1

PDI1

Protein disulfide isomerase; multifunctional protein resident in
the endoplasmic reticulum lumen, essential for the formation
of disulfide bonds in secretory and cell-surface proteins,
unscrambles non-native disulfide bonds

ER chaperone

4.4

98

27

C4R6Z9

CBR1

CBR1

Microsomal cytochrome b reductase, not essential for viability

ER cytochrome

TMH, 1

30.7

9.1

508

13

C4R2W7

ARF1

ARF1

ADP-ribosylation factor, GTPase of the Ras superfamily
involved in regulation of coated vesicle formation in
intracellular trafficking within the Golgi

ER Golgi vesicle
transport

20.6

5.8

234

43.6

C4QZN3

BMH2

BMH2

14-3-3 protein; controls proteome at post-transcriptional level,
binds proteins and DNA, involved in regulation of many
processes including exocytosis, vesicle transport, Ras/MAPK
signaling, and rapamycin-sensitive signaling

ER Golgi vesicle
transport

29.0

4.6

91

C4R1A2

EMP24

EMP24

Component of the p24 complex; binds to GPI anchor proteins
and mediates their efficient transport from the ER to the
Golgi; integral membrane protein that associates with
endoplasmic reticulum-derived COPII-coated vesicles

ER Golgi vesicle
transport

22.6

7.8

33.0
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Integral membrane component of endoplasmic reticulum- ER Golai vesicle

C4R7V8 EMP47 EMP47 derived COPII-coated vesicles, which function in ER to Golgi trans or% TMH, 1 53.6 6.0 0 8 27.3
transport P

CAR125 ERP5 ERPS Protein with similarity to Emp24p and Erv25p, member of the ER Golgi vesicle T™H 1 | 273 94 0 7 300
p24 family involved in ER to Golgi transport transport ' ' ' ’

CAQXT6 ERV14 ERV14 Protein localized to COPII-coated vesicles, involved in vesicle | ER Golgi vesicle TMH. 3 19.2 94 0 1 6.7
formation and incorporation of specific secretory cargo transport ' ' ' '
Protein that forms a heterotrimeric complex with Erpl, Erp2p, ER Goldi vesicle

C4R371 ERV25 ERV25 and Emp24, member of the p24 family involved in trans or% 0 30.6 9.2 0 7 31.0
endoplasmic reticulum to Golgi transport P
SSubunit of the GET complex; involved in insertion of
proteins into the ER membrane; required for the retrieval of ER Golgi vesicle

C4R7S7 GET1 GET1 HDEL proteins from the Golgi to the ER in an ERD2 trans 03 TMH, 3 | 23.2 9.6 0 3 23.7
dependent fashion and for normal mitochondrial morphology P
and inheritance
Subunit of the GET complex; involved in insertion of proteins
into the ER membrane; required for the retrieval of HDEL ER Golgi vesicle

C4R3U0 GET2 GET2 proteins from the Golgi to the ER in an ERD2 dependent transport TMH,3 | 344 53 0 ! 45
fashion and for meiotic nuclear division
ATPase required for vesicular transport between ER and ER Golgi vesicle

C4R495 SEC18 SEC18 Golgi, the 'priming’ step in homotypic vacuole fusion, trans or% 0 84.0 6.5 308 11 18.9
autophagy, and protein secretion P
R-SNARE protein; assembles into SNARE complex with
Betlp, Boslp and Sed5p; cycles between the ER and Golgi ER Golgi vesicle

Caraz? SEC22 SEC22 complex; involved in anterograde and retrograde transport transport TMH, 1| 247 95 0 8 215
between the ER and Golgi; synaptobrevin homolog
Rab family GTPase essential for vesicle-mediated exocytic
secretion and autophagy; associates with the exocyst ER Golgi vesicle

CAR3N7 SEC4 SEC4 component Sec15p and may regulate polarized delivery of transport 0 28 54 424 2 152
transport vesicles to the exocyst at the plasma membrane
Vesicle membrane receptor protein (v-SNARE) involved in
the fusion between Golgi-derived secretory vesicles with the ER Golgi vesicle

C4Qz68 SNC2 SNC2 plasma membrane; member of the synaptobrevin/\VAMP transport TMH, 1 | 123 10110 2 318
family of R-type v-SNARE proteins

C4QY09 SS02 $502 Pla§ma membrane t-SNARE mvglved m_fusmn of secretory ER Golgi vesicle T™H, 1 | 32.7 51 a1 6 353
vesicles at the plasma membrane; syntaxin homolog transport

c40731 VPS1 VPS1 Dynamin-like GTPase required for vacuolar sorting; also ER Golgi vesicle 0 76.6 78 | 176 6 171
involved in actin cytoskeleton organization, endocytosis, late transport ' ' '
Golgi-retention of some proteins, regulation of peroxisome
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Protein involved in cis-Golgi membrane traffic; v-SNARE ER Golai vesicle
C4R6G6 VTI1 VTI1 that interacts with two t-SNARES, Sed5p and Pep12p; trans or% TMH, 1 | 25.2 55 617 5 30.6
required for multiple vacuolar sorting pathways P
Vesicle membrane protein (v-SNARE) with acyltransferase
activity; involved in trafficking to and within the Golgi, ER Golai vesicle
C4Qz63 YKT6 YKT6 endocytic trafficking to the vacuole, and vacuolar fusion; t 9 0 227 6.5 0 2 11.5
A . ransport
membrane localization due to prenylation at the carboxy-
terminus
Rab family GTPase involved in the exocytic pathway; ER Golai vesicle
C4QYQ7 YPT32 YPT32 mediates intra-Golgi traffic or the budding of post-Golgi 9 0 24.5 4.9 0 2 15.9
3 . transport
vesicles from the trans-Golgi
Rab family GTPase, similar to Ypt51p and Ypt53p and to ER Golgi vesicle
C4QXL9 YPT52 YPT52 mammalian rab5; required for vacuolar protein sorting and trans or% 0 23.1 55 597 5 27.7
endocytosis P
Rab family GTPase, Ras-like GTP binding protein involved in
C4R716 YPT6 YPT6 the _secretor_y pathvyay, required for_ fusion of_ endosome- ER Golgi vesicle 0 228 48 0 5 28.6
derived vesicles with the late Golgi, maturation of the transport
vacuolar carboxypeptidase Y
ER membrane protein that interacts with Seylp to maintain
C4QVvL8 RTN1 RTN1 ER morphology; interacts with exocyst subunit Secép, with ER membrane TMH, 2 | 325 8.7 165 10 35.2
Yip3p, and with Sbhlp;
P-type ATPase, ion transporter of the ER membrane involved
C4R4C6 SPF1 SPF1 in ER function and Ca2+ homeostasis; required for regulating ER membrane TMH, 6 | 136.0 5.8 288 18 20.6
Hmg2p degradation
Membrane protein that interacts with Yiplp to mediate
C4R0Z7 YOP1 YOP1 membrane traffic; interacts with Sey1p to maintain ER ER membrane TMH,2 | 194 | 92 | 430 5 310
morphology; overexpression leads to cell death and
accumulation of internal cell membranes
Transmembrane protein subunit of the
C4ROL5 GPI16 GPI16 glycosylphosphatidylinositol transamidase complex that adds ER, GPI synthesis TMH, 1 | 69.3 5.4 0 2 9.2
GPIs to newly synthesized proteins; human PIG-Tp homolog
Transmembrane protein subunit of the
C4R4N8 GPI17 GPI17 glycosylphosphatidylinositol transamidase complex that adds ER, GPI synthesis TMH, 2 | 56.4 4.5 0 4 11.8
GPIs to newly synthesized proteins; human PIG-Sp homolog
ER membrane glycoprotein subunit of the .
C4R7CO GPI8 GPI8 glycosylphosphatidylinositol transamidase complex that adds ER, GPI synthesis 0 43.8 5.0 0 3 14.7

glycosylphosphatidylinositol (GPI) anchors to newly
synthesized proteins; human PIG-K protein is a functional
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Mannosyltransferase that catalyzes two consecutive steps in
c4Qz40 ALG2 ALG2 the N-linked glyc_o_sylatlon pathway; alg2 mutants exhl_blt ER, proteln TMH, 1 | 534 58 0 3 141
temperature-sensitive growth and abnormal accumulation of glycosylation
the lipid-linked oligosaccharide Man2GIcNAc2-PP-Dol
Dolichol phosphate mannose (Dol-P-Man) synthase of the ER
membrane, catalyzes the formation of Dol-P-Man from Dol-P ER. protein
C4QVT1 DPM1 DPM1 and GDP-Man; required for glycosyl phosphatidylinositol P . TMH, 1 | 28.9 5.8 199 15 51.2
- - ] glycosylation
membrane anchoring, O mannosylation, and protein
glycosylation
Glucosidase Il beta subunit, forms a complex with alpha
C4R3S3 GTB1 GTBL subunit Roth, involved |n_remova| of tw_o gl_ucose r§5|_dues ER, protem 0 576 46 0 5 11.8
from N-linked glycans during glycoprotein biogenesis in the glycosylation
ER
Alpha subunit of the oligosaccharyltransferase complex of the ER. protein
C4R5F4 OST1 OST1 ER lumen, which catalyzes asparagine-linked glycosylation of P - TMH, 1 | 52.2 5.4 0 8 19.4
¥ B glycosylation
newly synthesized proteins
Epsilon subunit of the oligosaccharyltransferase complex of ER. protein
C4R236 OST2 OST2 the ER lumen, which catalyzes asparagine-linked | E:(F))s Jation TMH, 3 | 15.2 102 | O 2 21.5
glycosylation of newly synthesized proteins glycosy
Gamma subunit of the oligosaccharyltransferase complex of
C4RSES 0ST3 0sT3 the ER Iumen, which catalyzes_asparagln_e—l!nked ) ER, protelp TMH.5 | 37.0 86 0 2 15.0
glycosylation of newly synthesized proteins; Ost3p is glycosylation
important for N-glycosylation of a subset of proteins
Protein O-mannosyltransferase, transfers mannose from
c4Q276 PMT1 PMTL Ejollchyl p_hosphate—D—mz;nnose }o p_roteln Sgr/Thr residues; ER, protelp TMH, 9 | 895 6.8 0 8 16.0
involved in O-glycosylation which is essential for cell wall glycosylation
rigidity; involved in ER quality control
Protein O-mannosyltransferase, transfers mannose residues
C4R044 PMT2 PMT2 from do!l§hyl phos_phate-D-m_annose to Protm_n Ser/Thr ER, protein TMH, 7 | 851 79 509 8 17.9
residues; involved in ER quality control; acts in a complex glycosylation
with Pmtlp
GDP-mannose pyrophosphorylase (mannose-1-phosphate
guanyltransferase), synthesizes GDP-mannose from GTP and ER, protein
C4R5U0 PSAL PSAL mannose-1-phosphate in cell wall biosynthesis; required for glycosylation 0 398 59 191 2 91
normal cell wall structure
Glucosidase Il catalytic subunit required for normal cell wall ER, protein
C4R1R0 ROT2 ROT2 synthesis glycosylation 0 1037 |54 |0 5 8.3

160




Chapter V

The lipidome and proteome of microsomes from the methylotrophic yeast Pichia

pastoris

C4QVN9 SWP1

SWP1

Delta subunit of the oligosaccharyl transferase glycoprotein
complex, which is required for N-linked glycosylation of
proteins in the endoplasmic reticulum

ER, protein
glycosylation

TMH, 2

27.2

9.4

639

26.4

C4ROM2 WBP1

WBP1

Beta subunit of the oligosaccharyl transferase (OST)
glycoprotein complex; required for N-linked glycosylation of
proteins in the endoplasmic reticulum

ER, protein
glycosylation

TMH, 2

48.9

44

682

14

44.1

C4QXP7 SEC11

SEC11

18kDa catalytic subunit of the Signal Peptidase Complex
(SPC; Spclp, Spe2p, Spe3p, and Secllp) which cleaves the
signal sequence of proteins targeted to the endoplasmic
reticulum

ER, signal peptidase

TMH, 1

19.3

9.8

C4R152 SPC2

SPC2

Subunit of signal peptidase complex (Spclp, Spc2p, Spc3p,
Sec11p), which catalyzes cleavage of N-terminal signal
sequences of proteins targeted to the secretory pathway;
homologous to mammalian SPC25

ER, signal peptidase

TMH, 2

20.0

75

C4R969 SPC3

SPC3

Subunit of signal peptidase complex (Spclp, Spc2p, Spc3p,
Secl1p), which catalyzes cleavage of N-terminal signal
sequences of proteins targeted to the secretory pathway;
homologous to mammalian SPC22/23

ER, signal peptidase

TMH, 1

20.5

9.4

C4QVI2 SEC61

SEC61

Essential subunit of Sec61 complex (Sec61p, Sbhlp, and
Ssslp); forms a channel for SRP-dependent protein import
and retrograde transport of misfolded proteins out of the ER

ER, translocon

TMH, 8

9.4

C4R7S0 SEC63

SEC63

Essential subunit of Sec63 complex (Sec63p, Sec62p, Sec66p
and Sec72p); with Sec61 complex, Kar2p/BiP and Lhs1p
forms a channel competent for SRP-dependent and post-
translational SRP-independent protein targeting and import
into the ER

ER, translocon

TMH, 3

73.6

4.8

13

C4RON2 SEC66

SEC66

Non-essential subunit of Sec63 complex (Sec63p, Sec62p,
Sec66p and Sec72p); with Sec61 complex, Kar2p/BiP and
Lhs1p forms a channel competent for SRP-dependent and
post-translational SRP-independent protein targeting and
import into the ER

ER, translocon

TMH, 1

22.6

5.7

448

C4R0Q1 SECT2

SEC72

Non-essential subunit of Sec63 complex (Sec63p, Sec62p,
Sec66p and Sec72p); with Sec61 complex, Kar2p/BiP and
Lhs1p forms a channel competent for SRP-dependent and
post-translational SRP-independent protein targeting and
import into the ER

ER, translocon

5.2

415

C4QZz15 SSH1

SSH1

Subunit of the Ssh1 translocon complex; Sec61p homolog
involved in co-translational pathway of protein translocation;
not essential

ER, translocon

TMH,
10

52.6

8.6

589

7.1

C4QvVv4 SSS1

SSS1

Subunit of the Sec61p translocation complex (Sec61p-Sss1p-
Sbhip) that forms a channel for passage of secretory proteins
through the endoplasmic reticulum membrane, and of the

ER, translocon

TMH, 1

7.2

10.3

15.6
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Sshlp complex (Sshlp-Sbh2p-Sssip); interacts with Ost4p
and Wbplp
Protein of unknown function (DUF2012);Starch-binding
C4R518 EMC7 NA domain-like, homolog of mammalian ER membrane protein ER, unknown 0 24.0 6.5 0 18.2
complex subunit 7
CAROMS IRC22 IRC22 Putat!ve protein of unknom_m function; green fluorescent ER, unknown TMH, 1 | 24.7 50 0 M3
protein (GFP)-fusion localizes to the ER
C4R7BO MSC7 MSC7 Pro_tem of upknown_ function, green fluorgscen_t protein (GFP)- ER, unknown T™MH,1 | 710 6.7 0 83
fusion protein localizes to the endoplasmic reticulum
c4QVC3 PAS_chrl- SHE10 putat.l\_/e sgcretgd protein, does not contain GPI anchor ER, unknown 0 90.8 a1 0 74
3_0136 modification site
PAS_chr2- ER-localized protein of unknown function; Uncharacterised
C4QZH2 1 0046 YPR063C protein family (UPF0139) ER, unknown 0 11.7 10.1 | 676 25.9
PAS_chr2- . .
C4R2S8 2 0124 YOL107W Eukaryotic integral membrane protein (DUF1751) ER, unknown TMH, 5 | 40.2 7.8 0 19.3
C4R400 PAS_chr3_0249 | NA CUE domain;UBA-like ER, unknown TMH,1 | 17.8 9.9 0 134
Putative protein of unknown function; green fluorescent
C4R496 PAS chr3_1178 | YDRO056C protein (GFP)-fusion protein localizes to the endoplasmic ER, unknown 0 20.4 7.6 0 28.8
reticulum
Protein of unknown function; YET3 null mutant decreases the
C4QzG4 YET3 YET3 level of secreted invertase; homolog of human BAP31 protein ER, unknown TMH, 3 | 21.9 9.4 0 212
Protein of unknown function (DUF1682); green fluorescent
C4R4AM7 YNRO021W YNRO21W protein (GFP)-fusion protein localizes to the endoplasmic ER, unknown 0 42.6 8.6 300 35.7
reticulum
ATPase involved in ubiquitin-mediated protein degradation;
C4R9A6 CDC48 CDC48 Cdc48p-Npl4p-Ufd1lp complex participates in ER-associated ERAD 0 91.1 4.7 18 18.0
degradation (ERAD)
Transmembrane nucleoporin involved in nuclear pore
C4R886 PAS_chr4 0551 | POM33 complex (NPC) dlstrlb_utlon, assembly or stabilization; highly ER-nuclear T™MH.5 | 311 104 | 343 11.7
conserved across species, orthologous to human TMEM33 membrane
and paralogous to Per33p
High affinity Ca2+/Mn2+ P-type ATPase required for Ca2+
C4QY43 PMR1 PMR1 and Mn2+ transport into Golgi; involved in Ca2+ dependent Golgi TMH, 6 | 101.0 5.1 0 18.5
protein sorting and processing
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Guanosine diphosphatase located in the Golgi, involved in the Golai. protein
C4R6M2 GDA1l GDA1l transport of GDP-mannose into the Golgi lumen by converting | c%é plation TMH, 1 | 59.9 5.1 0 7 19.3
GDP to GMP after mannose is transferred its substrate glycosy
C4R3VS KRE2 KRE?2 Alphi_il,2—mannosyl_transferase of the Golgi involved in Golgi, pro?em TMH, 1 | 455 6.1 0 4 17.4
protein mannosylation glycosylation
Alpha-1,2-mannosyltransferase involved in O- and N-linked Goldi. protein
C4R3V9 KTR1 KTR1 protein glycosylation; type 1l membrane protein; member of | c%é plation TMH, 1 | 46.7 5.9 553 20 60.0
the KRE2/MNT1 mannosyltransferase family glycosy
Putative mannosyltransferase involved in protein Golai. protein
C4QXA8 KTR4 KTR4 glycosylation; member of the KRE2/MNT1 91, prot TMH, 1 | 49.9 6.0 0 2 55
" glycosylation
mannosyltransferase family
Alpha-1,2-mannosyltransferase, responsible for addition of
C4QX95 MNN2-2 MNN2 the first aIpha—l,Z—Ilnkeq mannose_to form tr]e branches onthe | Golgi, pro@em T™MH, 1 | 77.4 53 0 5 105
mannan backbone of oligosaccharides, localizes to an early glycosylation
Golgi compartment
Subunit of Golgi mannosyltransferase complex also
containing Anplp, Mnn10p, Mnnl1p, and Hoclp that Goli. protein
C4R6V4 MNN9 MNN9 mediates elongation of the polysaccharide mannan backbone; 91, prot TMH, 1 | 424 8.6 0 5 25.6
- X . - glycosylation
forms a separate complex with Vanlp that is also involved in
backbone elongation
Golgi GDP-mannose transporter; regulates Golgi function and Golgi, protein TMH,
C4R5Y9 VRG4 VRG4 glycosylation in Golgi glycosylation 10 36.3 0.0 | 411 3 14.6
Histone H4, core histone protein required for chromatin
assembly and chromosome function; contributes to telomeric .
CaR26 HHFL HHFL silencing; N-terminal domain involved in maintaining histone 0 11.4 118 | 120 5 495
genomic integrity
Histone H2A, core histone protein required for chromatin
assembly and chromosome function; DNA damage-dependent .
C4ROMS HTA2 HTA2 phosphorylation by Mec1p facilitates DNA repair; acetylated histone 0 139 108 | 299 8 454
by Nat4p
Histone H2B, core histone protein required for chromatin
C4ROM7 HTB2 HTB2 assembly and chromosome function; Rad6p-Brelp-Lgelp histone 0 14.4 105 | 167 2 15.9
mediated ubiquitination regulates transcriptional activation,
meiotic DSB formation and H3 methylation
C4R6Q5 FAD2 NA delta 12-fatty acid desaturase lipid metabolism TMH,5 | 485 8.9 0 4 11.7
Glycolipid transfer protein (GLTP);Sphingolipid transfer - .
C4R2Q5 HET1 NA protein Hetl, no S. cerevisiae homolog lipid metabolism 0 22.1 7.6 128 3 22.6

163




Chapter V

The lipidome and proteome of microsomes from the methylotrophic yeast Pichia

pastoris

C4QZ99

LCB1

LCB1

Component of serine palmitoyltransferase, responsible along
with Lcb2p for the first committed step in sphingolipid
synthesis, which is the condensation of serine with palmitoyl-
CoA to form 3-ketosphinganine

lipid metabolism

5.4

598

10

C4R5E6

LCB2

LCB2

Component of serine palmitoyltransferase, responsible along
with Lcb1p for the first committed step in sphingolipid
synthesis, which is the condensation of serine with palmitoyl-
CoA to form 3-ketosphinganine

lipid metabolism

TMH, 1

62.6

9.0

9.6

C4R7Z3

PAS_chr4_0465

NA

sphingolipid C9-methyltransferase, S-adenosyl-L-methionine-
dependent; introduces the methyl group at the C9-position of
fungal glucosylceramides (experimentally verified)

lipid metabolism

TMH, 1

6.6

344

10

C4QVT8

FAS1

FAS1

Beta subunit of fatty acid synthetase, which catalyzes the
synthesis of long-chain saturated fatty acids; contains
acetyltransacylase, dehydratase, enoyl reductase, malonyl
transacylase, and palmitoyl transacylase activities

lipid metabolism, cyt,
LP

229.6

6.2

5.3

c4QY22

ERG10

ERG10

Acetyl-CoA C-acetyltransferase (acetoacetyl-CoA thiolase),
cytosolic enzyme that transfers an acetyl group from one
acetyl-CoA molecule to another, forming acetoacetyl-CoA;
involved in the first step in mevalonate biosynthesis

lipid metabolism,
cyto

41.7

6.1

55

C4QYE4

SLM1

SLM1

Phosphoinositide P14,5P(2) binding protein, forms a complex
with SIm2p; acts downstream of Mss4p in a pathway
regulating actin cytoskeleton organization in response to
stress; phosphorylated by the TORC2 complex

lipid metabolism,
eisosome, PM

77.4

9.1

14

24.3

C4QXE9

CHO2

CHO2

Phosphatidylethanolamine methyltransferase (PEMT),
catalyzes the first step in the conversion of
phosphatidylethanolamine to phosphatidylcholine during the
methylation pathway of phosphatidylcholine biosynthesis

lipid metabolism, ER

TMH, 8

103.1

8.6

3.6

C4R8D3

DPL1

DPL1

Dihydrosphingosine phosphate lyase, regulates intracellular
levels of sphingolipid long-chain base phosphates (LCBPs),
degrades phosphorylated long chain bases, prefers C16
dihydrosphingosine-I-phosphate as a substrate

lipid metabolism, ER

63.8

6.2

9.3

C4R632

ERG11

ERG11

Lanosterol 14-alpha-demethylase; catalyzes the C-14
demethylation of lanosterol to form 4,4"-dimethyl cholesta-
8,14,24-triene-3-beta-ol in the ergosterol biosynthesis
pathway; member of the cytochrome P450 family

lipid metabolism, ER

58.8

8.5

24.1

C4R749

ERG2

ERG2

C-8 sterol isomerase, catalyzes the isomerization of the delta-
8 double bond to the delta-7 position at an intermediate step in
ergosterol biosynthesis

lipid metabolism, ER

233

5.2

576

C4QYY9

ERG26

ERG26

C-3 sterol dehydrogenase, catalyzes the second of three steps
required to remove two C-4 methyl groups from an
intermediate in ergosterol biosynthesis

lipid metabolism, ER

38.0

7.8

44.1
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C4QY87

ERG3

ERG3

C-5 sterol desaturase, catalyzes the introduction of a C-5(6)
double bond into episterol, a precursor in ergosterol
biosynthesis; mutants are viable, but cannot grow on non-
fermentable carbon sources

lipid metabolism, ER

TMH, 4

44.7

8.9

C4R4R9

ERG5

ERG5

C-22 sterol desaturase, a cytochrome P450 enzyme that
catalyzes the formation of the C-22(23) double bond in the
sterol side chain in ergosterol biosynthesis; may be a target of
azole antifungal drugs

lipid metabolism, ER

60.1

6.1

146

11

27.3

C4R513

FEN1

FEN1

Fatty acid elongase, involved in sphingolipid biosynthesis;
acts on fatty acids of up to 24 carbons in length; mutations
have regulatory effects on 1,3-beta-glucan synthase, vacuolar
ATPase, and the secretory pathway

lipid metabolism, ER

TMH, 7

38.3

9.8

C4R2G2

HMG1

HMG1

One of two isozymes of HMG-CoA reductase that catalyzes
the conversion of HMG-CoA to mevalonate, which is a rate-
limiting step in sterol biosynthesis; localizes to the nuclear
envelope; overproduction induces the formation of karmellae

lipid metabolism, ER

TMH, 6

107.1

9.2

11

C4R7N6

IFA38

IFA38

Microsomal beta-keto-reductase; contains oleate response
element (ORE) sequence in the promoter region; mutants
exhibit reduced VLCFA synthesis, accumulate high levels of
dihydrosphingosine, phytosphingosine and medium-chain
ceramides

lipid metabolism, ER

TMH, 3

449

C4QV83

NSG2

NSG2

Protein involved in regulation of sterol biosynthesis;
specifically stabilizes Hmg2p, one of two HMG-CoA
isoenzymes that catalyze the rate-limiting step in sterol
biosynthesis

lipid metabolism, ER

TMH, 3

33.0

5.9

7.8

C4QZ39

OLE1

OLE1

Delta(9) fatty acid desaturase, required for monounsaturated
fatty acid synthesis and for normal distribution of
mitochondria

lipid metabolism, ER

TMH, 4

55.9

9.7

€4QZ02

SAC1

SAC1

Phosphatidylinositol phosphate (PtdInsP) phosphatase
involved in hydrolysis of PtdIns[4]P; transmembrane protein
localizes to ER and Golgi; involved in protein trafficking and
processing, secretion, and cell wall maintenance

lipid metabolism, ER

TMH, 2

68.6

8.9

239

16.6

C4R3Y7

SUR4

SUR4

Elongase, involved in fatty acid and sphingolipid
biosynthesis; synthesizes very long chain 20-26-carbon fatty
acids from C18-CoA primers; involved in regulation of
sphingolipid biosynthesis

lipid metabolism, ER

TMH, 6

38.0

9.7

12.1

C4QW59

TCB3

TCB3

Lipid-binding protein, localized to the bud via specific mMRNA
transport; non-tagged protein detected in a phosphorylated
state in mitochondria; GFP-fusion protein localizes to the cell
periphery; C-termini of Tcb1p, Tch2p and Tch3p interact

lipid metabolism, ER

TMH, 1

155.2

6.5
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NADPH-dependent 1-acyl dihydroxyacetone phosphate
reductase found in lipid particles, ER, and mitochondrial outer linid metabolism. ER

C4R276 AYR1 AYR1 membrane; involved in phosphatidic acid biosynthesis; LE R TMH, 1 32.2 9.5 339 3 20.9
required for spore germination; capable of metabolizing
steroid hormones
Squalene epoxidase, catalyzes the epoxidation of squalene to
2,3-oxidosqualene; plays an essential role in the ergosterol- lipid metabolism, ER,

C4R3LE ERGL ERG1 biosynthesis pathway and is the specific target of the LP TMH,3 | 551 59 0 5 157
antifungal drug terbinafine
Delta(24)-sterol C-methyltransferase, converts zymosterol to
fecosterol in the ergosterol biosynthetic pathway by lipid metabolism, ER,

CARACY ERG6 ERG6 methylating position C-24; localized to both lipid particles and | LP 0 433 54 108 14 483
mitochondrial outer membrane

C4RON3 ;’,6588_3(:5hr2— LOAl Acyltransferase;Glycerol-3-phosphate (1)-acyltransferase :_'g'd metabolism, ER, TMH, 1 | 32.2 101 | O 4 27.6
Farnesyl-diphosphate farnesyl transferase (squalene synthase), linid metabolism. ER

C4R470 ERG9 ERG9 joins two farnesyl pyrophosphate moieties to form squalene in IVFI)OM T 0 50.6 5.4 0 3 14.7
the sterol biosynthesis pathway
C-4 methyl sterol oxidase, catalyzes the first of three steps
required to remove two C-4 methyl groups from an lipid metabolism, ER,

CAR3EE ERG25 ERG25 intermediate in ergosterol biosynthesis; mutants accumulate PM 0 872 93 0 2 105
the sterol intermediate 4,4-dimethylzymosterol
Cholinephosphate cytidylyltransferase, also known as
CTP:phosphocholine cytidylyltransferase, rate-determining lipid metabolism, ER-

C4R1Y4 PCTL PCT1 enzyme of the CDP-choline pathway for phosphatidylcholine Golgi 0 422 9.8 0 u 311
synthesis, inhibited by Sec14p, activated upon lipid-binding
Lipid-binding protein containing three calcium and lipid
binding domains; non-tagged protein localizes to lipid metabolism, ER-

C4R4Q0 TCB1 TCB1 mitochondria and GFP-fusion protein localizes to the cell PM TMH,3 | 129.2 6.1 0 12 16.6
periphery; C-termini of Tcb1p, Tcbh2p and Tch3p interact
1-acyl-sn-glycerol-3-phosphate acyltransferase, catalyzes the

C4QVE4 sLCl e acylation of lysophosphatidic acid to form phosphatidic acid, | ;i metanolism, LP TMH,1 | 318 |58 |0 2 108
a key intermediate in lipid metabolism; enzymatic activity
detected in lipid particles and microsomes
Long chain fatty acyl-CoA synthetase, activates imported fatty

C4R1R9 FAAL FAAL a(:lds_wnh_a preferen(_:e for 012.:0—.Cl6zo.cha|n lengths; lipid metabolism, LP, 0 78.3 90 M 27 "
functions in long chain fatty acid import; accounts for most ER
acyl-CoA synthetase activity; localized to lipid particles
NADP-cytochrome P450 reductase; involved in ergosterol linid metabolism

C4R901 NCP1 NCP1 biosynthesis; associated and coordinately regulated with I\/FI)OM ! 0 775 5.0 263 15 38.1
Ergllp
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C4Qvser STT4

STT4

Phosphatidylinositol-4-kinase that functions in the Pkclp
protein kinase pathway; required for normal vacuole
morphology, cell wall integrity, and actin cytoskeleton
organization

lipid metabolism, PM

208.8

6.4

9.3

C4ROF7 COX4

COX4

Subunit IV of cytochrome ¢ oxidase, the terminal member of
the mitochondrial inner membrane electron transport chain;
precursor N-terminal 25 residues are cleaved during
mitochondrial import; phosphorylated; spermidine enhances
translation

mitochondria

18.1

9.0

C4R526 COX5B

COX5B

Subunit Vb of cytochrome ¢ oxidase, which is the terminal
member of the mitochondrial inner membrane electron
transport chain

mitochondria

TMH, 1

17.6

10.1

224

C4QXS0 FMP52

FMP52

Protein of unknown function, localized to the mitochondrial
outer membrane; induced by treatment with 8-
methoxypsoralen and UVA irradiation

mitochondria

23.8

9.5

C4QZ00 MIRL

MIR1

Mitochondrial phosphate carrier, imports inorganic phosphate
into mitochondria

mitochondria

9.7

105

11

715

C4QY16 NDE2

NDE2

Mitochondrial external NADH dehydrogenase, catalyzes the
oxidation of cytosolic NADH; Ndelp and Nde2p are involved
in providing the cytosolic NADH to the mitochondrial
respiratory chain

mitochondria

9.4

192

9.7

C4R3D1 ODC1

ODC1

Mitochondrial inner membrane transporter, exports 2-
oxoadipate and 2-oxoglutarate from the mitochondrial matrix
to the cytosol for lysine and glutamate biosynthesis and lysine
catabolism; suppresses, in multicopy, an fmcl null mutation

mitochondria

32.1

451

C4R760 PET9

PET9

Major ADP/ATP carrier of the mitochondrial inner
membrane, exchanges cytosolic ADP for mitochondrially
synthesized ATP; also imports heme and ATP;
phosphorylated

mitochondria

TMH, 3

33.2

25

16

48.4

C4R1Z72 POR1

POR1

Mitochondrial porin (voltage-dependent anion channel), outer
membrane protein required for the maintenance of
mitochondrial osmotic stability and mitochondrial membrane
permeability; phosphorylated

mitochondria

29.6

9.4

11

14

62.9

C4R1V5 QCR2

QCR2

Subunit 2 of the ubiquinol cytochrome-c reductase complex,
which is a component of the mitochondrial inner membrane
electron transport chain; phosphorylated; transcription is
regulated by Haplp, Hap2p/Hap3p, and heme

mitochondria

37.4

9.0

103

15.1

C4R4C3 SSC1

SSC1

Hsp70 family ATPase, constituent of the import motor
component of the Translocase of the Inner Mitochondrial
membrane (TIM23 complex); involved in protein
translocation and folding; subunit of Scel endonuclease

mitochondria

69.7

5.3

45
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C4R225 TOM22

TOM22

Component of the TOM (translocase of outer mitochondrial
membrane) complex responsible for initial import of
mitochondrially directed proteins; acts as a receptor for
precursor proteins and mediates interaction between TOM and
TIM complexes

mitochondria

TMH, 1

16.3

3.7

C4R7R5 TOM40

TOM40

Component of the TOM (translocase of outer membrane)
complex responsible for recognition and initial import steps
for all mitochondrially directed proteins; constitutes the core
element of the protein conducting pore

mitochondria

42.7

55

379

C4R4Y8 ATP1

ATP1

Alpha subunit of the F1 sector of mitochondrial FLIFO ATP
synthase, which is a large, evolutionarily conserved enzyme
complex required for ATP synthesis; phosphorylated

mitochondrial F1FO
ATP synthase

58.7

9.6

14

14

C4R2N5 ATP2

ATP2

Beta subunit of the F1 sector of mitochondrial FLFO ATP
synthase, which is a large, evolutionarily conserved enzyme
complex required for ATP synthesis; phosphorylated

mitochondrial F1FO
ATP synthase

54.0

5.0

20

C4R5N6 ATP20

ATP20

Subunit g of the mitochondrial FLIFO ATP synthase; reversibly
phosphorylated on two residues; unphosphorylated form is
required for dimerization of the ATP synthase complex

mitochondrial F1FO
ATP synthase

15.8

293

C4R4M3 ATP4

ATP4

Subunit b of the stator stalk of mitochondrial F1FO ATP
synthase, which is a large, evolutionarily conserved enzyme
complex required for ATP synthesis; contributes to the
oligomerization of the complex; phosphorylated

mitochondrial F1FO
ATP synthase

253

9.5

255

C4QwWD4 ATP5

ATPS

Subunit 5 of the stator stalk of mitochondrial F1FO ATP
synthase, which is an evolutionarily conserved enzyme
complex required for ATP synthesis; homologous to bovine
subunit OSCP (oligomycin sensitivity-conferring protein);
phosphorylated

mitochondrial F1FO
ATP synthase

9.6

100

C4QWF3 ATP7

ATP7

Subunit d of tmitochondrial FLFO ATP synthase, which is a
large, evolutionarily conserved enzyme complex required for
ATP synthesis

mitochondrial F1FO
ATP synthase

19.7

7.6

158

C4R0Q2 GSP1

GSP1

Ran GTPase, GTP binding protein (mammalian Ranp
homolog) involved in the maintenance of nuclear
organization, RNA processing and transport; regulated by
Srmlp, Rnalp, Yrblp, Yrb2p, Yrpdp, Yrb30p, Cselp and
Kap95p

nuclear membrane

24.1

6.6

214

C4QW50 FRA1-1

FRA1

Protein involved in negative regulation of transcription of iron
regulon; forms an iron independent complex with Fra2p,
Grx3p, and Grx4p; cytosolic; mutant fails to repress
transcription of iron regulon and is defective in spore
formation

other

79.2

6.3

13.6
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C4QYK6 PHB2

PHB2

Subunit of the prohibitin complex (Phblp-Phb2p), a 1.2 MDa
ring-shaped inner mitochondrial membrane chaperone that
stabilizes newly synthesized proteins; determinant of
replicative life span; involved in mitochondrial segregation

other

TMH, 1

33.4

614

5.6

C4ROF0 RSP5

RSP5

E3 ubiquitin ligase of the NEDD4 family; involved in
regulating many cellular processes including MVB sorting,
heat shock response, transcription, endocytosis, and ribosome
stability

other

87.7

5.8

14.9

C4R2A9 URO1

NA

Uricase; Urate oxidase, degardes uric acid to allantoin; no S.
cerevisiae homolog

other

34.7

7.8

C4R300 YNK1

YNK1

Nucleoside diphosphate kinase, catalyzes the transfer of
gamma phosphates from nucleoside triphosphates, usually
ATP, to nucleoside diphosphates by a mechanism that
involves formation of an autophosphorylated enzyme
intermediate

other

17.0

6.2

99

C4R8Y8 PEX14

PEX14

Peroxisomal membrane peroxin that is a central component of
the peroxisomal protein import machinery; interacts with both
PTS1 (Pex5p) and PTS2 (Pex7p), peroxisomal matrix protein
signal recognition factors and membrane receptor Pex13p

peroxisomal
membrane

46.6

4.8

10.8

C4QW99 ADY2-1

ADY2

Acetate transporter required for normal sporulation;
phosphorylated in mitochondria

plasma membrane

TMH, 6

28.4

6.2

235

16.0

C4R1CO ADY?2-2

ADY2

Acetate transporter required for normal sporulation;
phosphorylated in mitochondria

plasma membrane

TMH, 6

29.0

5.8

405

13.8

C4R5H7 AQY1

AQY1

Spore-specific water channel that mediates the transport of
water across cell membranes, developmentally controlled;
may play a role in spore maturation, probably by allowing
water outflow, may be involved in freeze tolerance

plasma membrane

TMH, 6

29.9

6.5

303

C4R733 CTR1

CTR1

High-affinity copper transporter of the plasma membrane,
mediates nearly all copper uptake under low copper
conditions; transcriptionally induced at low copper levels and
degraded at high copper levels

plasma membrane

TMH, 3

25.1

55

C4RT7E9 DIPS

DIPS

Dicarboxylic amino acid permease, mediates high-affinity and
high-capacity transport of L-glutamate and L-aspartate; also a
transporter for GIn, Asn, Ser, Ala, and Gly

plasma membrane

TMH,
12

65.3

9.6

C4QX33 ENA2

ENA2

P-type ATPase sodium pump, involved in Na+ efflux to allow
salt tolerance; likely not involved in Li+ efflux

plasma membrane

TMH,
10

120.4

53

29

C4R659 FRE1

FRE1

Ferric reductase and cupric reductase, reduces siderophore-
bound iron and oxidized copper prior to uptake by

plasma membrane

TMH, 7

76.8

8.4

12
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transporters; expression induced by low copper and iron levels

C4QYV2 HXT7

HXT7

High-affinity glucose transporter of the major facilitator
superfamily, nearly identical to Hxt6p, expressed at high basal
levels relative to other HXTSs, expression repressed by high
glucose levels

plasma membrane

TMH,

59.5

7.5

338

11

C4R0V8 IST2

IST2

Plasma membrane protein that may be involved in
osmotolerance, localizes to the mother cell in small-budded
cells and to the bud in medium- and large-budded cells

plasma membrane

TMH, 6

99.0

6.8

8.1

C4R835 NCE102

NCE102

Protein of unknown function; contains transmembrane
domains; involved in secretion of proteins that lack classical
secretory signal sequences; component of the detergent-
insoluble glycolipid-enriched complexes (DIGs)

plasma membrane

TMH, 4

18.3

PAS_chr2-

C4QzHT7 1 0080

STE6

Plasma membrane ATP-binding cassette (ABC) transporter
required for the export of a-factor

plasma membrane

TMH,
11

142.4

5.9

16

15.7

C4QX02 PDR5-1

PDR5

Plasma membrane ATP-binding cassette (ABC) transporter,
multidrug transporter actively regulated by Pdrlp; also
involved in steroid transport, cation resistance, and cellular
detoxification during exponential growth

plasma membrane

TMH,

170.3

6.0

43

C4R284 PDR5-2

PDR5

Plasma membrane ATP-binding cassette (ABC) transporter,
multidrug transporter actively regulated by Pdrlp; also
involved in steroid transport, cation resistance, and cellular
detoxification during exponential growth

plasma membrane

TMH,
13

167.7

8.7

7.8

C4QZY3 PGA3

PGA3

Putative cytochrome b5 reductase, localized to the plasma
membrane; may be involved in regulation of lifespan; required
for maturation of Gas1p and Pho8p, proposed to be involved
in protein trafficking

plasma membrane

TMH, 2

34.6

53

40.0

C4QVSs9 PMA1

PMA1

Plasma membrane H+-ATPase, pumps protons out of the cell;
major regulator of cytoplasmic pH and plasma membrane
potential; P2-type ATPase; Hsp30p plays a role in Pmalp
regulation

plasma membrane

TMH, 9

97.8

4.8

20

46

48.0

C4QXM7 PUN1

PUN1

Plasma membrane protein with a role in cell wall integrity; co-
localizes with Sur7p in punctate membrane patches; null
mutant displays decreased thermotolerance; transcription
induced upon cell wall damage and metal ion stress

plasma membrane

TMH, 4

33.6

4.3

5.2

C4R8L5 RAS1

RAS1

GTPase involved in G-protein signaling in the adenylate
cyclase activating pathway, plays a role in cell proliferation;
localized to the plasma membrane; homolog of mammalian
RAS proto-oncogenes

plasma membrane

23.7

4.8

237

48.8

170




Chapter V

The lipidome and proteome of microsomes from the methylotrophic yeast Pichia

pastoris

C4R235 RSR1

RSR1

GTP-binding protein of the ras superfamily required for bud
site selection, morphological changes in response to mating
pheromone, and efficient cell fusion; localized to the plasma
membrane; significantly similar to mammalian Rap GTPases

plasma membrane

25.7

9.6

C4R573 SIT1

SIT1

Ferrioxamine B transporter, member of the ARN family of
transporters that specifically recognize siderophore-iron
chelates; transcription is induced during iron deprivation and
diauxic shift; potentially phosphorylated by Cdc28p

plasma membrane

TMH,
14

70.6

8.8

7.4

C4R175 SNG1

SNG1

Protein involved in resistance to nitrosoguanidine (MNNG)
and 6-azauracil (6-AU); expression is regulated by
transcription factors involved in multidrug resistance

plasma membrane

TMH, 7

54.3

5.7

7.9

C4RO70 SNQ2

SNQ2

Plasma membrane ATP-binding cassette (ABC) transporter,
multidrug transporter involved in multidrug resistance and
resistance to singlet oxygen species

plasma membrane

TMH,

164.7

5.2

33

C4R6D4 SUR7

SUR7

Plasma membrane protein that localizes to furrow-like
invaginations (MCC patches); component of eisosomes;
associated with endocytosis, along with Pillp and Lsplp;
sporulation and plasma membrane sphingolipid content are
altered in mutants

plasma membrane

TMH, 4

317

47

473

C4R8A4 YCK2

YCK2

Palmitoylated plasma membrane-bound casein kinase |
isoform; shares redundant functions with Yck1p in
morphogenesis, proper septin assembly, endocytic trafficking;
provides an essential function overlapping with that of Ycklp

plasma membrane

10.1

12.0

C4R3Q7 YPS1-2

YPS1

Aspartic protease, member of the yapsin family of proteases
involved in cell wall growth and maintenance; attached to the
plasma membrane via a glycosylphosphatidylinositol (GPI)
anchor

plasma membrane

60.5

4.0

Q9P4D1 ACT1

ACT1

Actin, structural protein involved in cell polarization,
endocytosis, and other cytoskeletal functions

polarity

41.7

5.2

29

C4R8L6 RGD1

RGD1

GTPase-activating protein (RhoGAP) for Rho3p and Rho4p,
possibly involved in control of actin cytoskeleton organization

polarity

70.6

6.3

C4R3P3 RHO1

RHO1

GTP-binding protein of the rho subfamily of Ras-like
proteins, involved in establishment of cell polarity; regulates
protein kinase C (Pkc1p) and the cell wall synthesizing
enzyme 1,3-beta-glucan synthase (Fkslp and Gsc2p)

polarity

5.2

388

48.7

C4RONS5 RHO3

RHO3

Non-essential small GTPase of the Rho/Rac subfamily of Ras-
like proteins involved in the establishment of cell polarity;
GTPase activity positively regulated by the GTPase activating
protein (GAP) Rgd1p

polarity

26.4

4.9

171




Chapter V

The lipidome and proteome of microsomes from the methylotrophic yeast Pichia

pastoris

C4QzP2

CDC42

CDC42

Small rho-like GTPase, essential for establishment and
maintenance of cell polarity; mutants have defects in the
organization of actin and septins

polyrity

21.3

6.2

14.1

C4QXCO

ASC1

ASC1

G-protein beta subunit and guanine nucleotide dissociation
inhibitor for Gpa2p; ortholog of RACK1 that inhibits
translation; core component of the small (40S) ribosomal
subunit; represses Gendp in the absence of amino acid
starvation

ribosome/translation

34.7

6.3

73

C4QYF5

BFR1

BFR1

Component of mMRNP complexes associated with
polyribosomes; implicated in secretion and nuclear
segregation; multicopy suppressor of BFA (Brefeldin A)
sensitivity

ribosome/translation

58.3

9.5

C4R751

DBP2

DBP2

Essential ATP-dependent RNA helicase of the DEAD-box
protein family, involved in nonsense-mediated mRNA decay
and rRNA processing

ribosome/translation

58.6

9.5

202

C4R6Z1

DED1

DED1

ATP-dependent DEAD (Asp-Glu-Ala-Asp)-box RNA
helicase, required for translation initiation of all yeast MRNAs

ribosome/translation

7.9

63

C4R0OH3

EFB1

EFB1

Translation elongation factor 1 beta; stimulates nucleotide
exchange to regenerate EF-1 alpha-GTP for the next
elongation cycle; part of the EF-1 complex, which facilitates
binding of aminoacyI-tRNA to the ribosomal A site

ribosome/translation

233

4.1

133

C4QZQ5

EFT2

EFT2

Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes
ribosomal translocation during protein synthesis; contains
diphthamide, the unique posttranslationally modified histidine
residue specifically ADP-ribosylated by diphtheria toxin

ribosome/translation

93.4

6.3

10

24

C4R305

RPL10

RPL10

Protein component of the large (60S) ribosomal subunit,
responsible for joining the 40S and 60S subunits; regulates
translation initiation; has similarity to rat L10 ribosomal
protein and to members of the QM gene family

ribosome/translation

255

227

11

C4R8K3

RPL11B

RPL11B

Protein component of the large (60S) ribosomal subunit;
involved in ribosomal assembly; depletion causes degradation
of proteins and RNA of the 60S subunit

ribosome/translation

19.9

296

C4QWD2

RPL12B

RPL12B

Protein component of the large (60S) ribosomal subunit;
rpl12a rpl12b double mutant exhibits slow growth and slow
translation

ribosome/translation

123

CARTT7

RPL13B

RPL13B

Protein component of the large (60S) ribosomal subunit; not
essential for viability

ribosome/translation

144

34.0

C4R389

RPL14B

RPL14B

Protein component of the large (60S) ribosomal subunit

ribosome/translation

14.9

4.6

266

42.9
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CAR1CO RPL15B RPL15B Protein component of the large (60S) ribosomal subunit; binds | ;0 e ranstation 242 | 119 | 221 343
t0 5.8 STRNA
N-terminally acetylated protein component of the large (60S) . .

C4R759 RPL16A RPL16A ribosomal subunit, binds to 5.8 S rRNA ribosome/translation 22.7 10.7 | 250 37.2

C4R2U4 RPL17B RPL17B Protein component of the large (60S) ribosomal subunit ribosome/translation 19.1 104 | 345 52.4

C4QY71 RPL18B RPL18B Protein component of the large (60S) ribosomal subunit ribosome/translation 20.6 114 | 138 29.6
Protein component of the large (60S) ribosomal subunit;

C4R3I16 RPL19B RPL19B rpl19a and rpl19b single null mutations result in slow growth, ribosome/translation 23.5 11.8 | 139 39.2
while the double null mutation is lethal

caowcs | RPL1B RPL1B N-terminally acetylated protein component of the large (60S) | 0o ransiation 245 | 103 | 126 447
ribosomal subunit; rplla rpllb double null mutation is lethal

C4R3E7 RPL20A RPL20A Protein component of the large (60S) ribosomal subunit ribosome/translation 21.5 10.3 | 110 42.0

C4QVvDO RPL23A RPL23A Protein component of the large (60S) ribosomal subunit ribosome/translation 14.4 110 | 81 39.4
Ribosomal protein L30 of the large (60S) ribosomal subunit;

C4QzL3 RPL24B RPL24B not essential for translation but may be required for normal ribosome/translation 17.9 115 | 488 26.6
translation rate
Primary rRNA-binding ribosomal protein component of the

C4R910 RPL25 RPL25 large (60S) ribosomal subunit; binds to 25S rRNA via a ribosome/translation 15.7 10.1 | 380 49.3
conserved C-terminal motif

C4RIK3 RPL28 RPL28 Ribosomal protein of the large (60S) ribosomal subunit; may | s metranslation 165 | 115 | 615 436
have peptidyl transferase activity

C4QWG6 RPL2A-1 RPL2A Protein component of the large (60S) ribosomal subunit ribosome/translation 27.2 11.6 | 183 21.7

C4QWG6 RPL2A-2 RPL2A Protein component of the large (60S) ribosomal subunit ribosome/translation 27.2 11.6 | 183 21.7
Protein component of the large (60S) ribosomal subuni;

C4R6Z0 RPL3 RPL3 involved in the replication and maintenance of killer double ribosome/translation 43.6 107 | 79 21.6
stranded RNA virus
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Protein component of the large (60S) ribosomal subunit;

C4QzZL4 RPL30 RPL30 involved in pre-rRNA processing in the nucleolus; ribosome/translation 11.6 10.2 | 261 2 29.9
autoregulates splicing of its transcript
Protein component of the large (60S) ribosomal subunit;

C4R731 RPL31B RPL31B associates with the karyopherin Sxm1p; loss of both Rpl31p ribosome/translation 13.6 10.1 | 218 6 53.8
and Rpl39p confers lethality
Protein component of the large (60S) ribosomal subunit, has

C4R6D3 RPL32 RPL32 similarity to rat L32 ribosomal protein; overexpression ribosome/translation 15.2 113 | 0 3 36.4
disrupts telomeric silencing
N-terminally acetylated ribosomal protein L37 of the large

C4QXY6 RPL33A RPL33A (60S) ribosomal subunitrpl33a null mutant exhibits slow ribosome/translation 12.1 10.7 | 462 5 39.3
growth while rpl33a rpl33b double null mutant is inviable

C4QWQ6 RPL35B RPL35B Protein component of the large (60S) ribosomal subunit ribosome/translation 13.9 111 | 364 3 20.0
N-terminally acetylated protein component of the large (60S) . .

C4Qz92 RPL36A RPL36A ribosomal subunit: binds to 5.8 S rRNA ribosome/translation 115 120 | O 4 29.7

C4QYD7 RPL38 RPL38 Protein component of the large (60S) ribosomal subunit ribosome/translation 9.0 10.7 | 275 2 37.2
Fusion protein, that is cleaved to yield ubiquitin and a

C4ROU2 RPL40A RPLA40A ribosomal protein of the large (60S) ribosomal subunit with ribosome/translation 146 | 107 |0 5 46.1
similarity to rat L40; ubiquitin may facilitate assembly of the
ribosomal protein into ribosomes

C4R487 RPL43B RPL43B Protein component of the large (60S) ribosomal subunit ribosome/translation 10.1 114 | 663 3 35.9

C40V16 RPL4A RPL4A N-terminally acetylated protein component of the large (60S) | 3, metranstation %9 | 112 |77 14 484
ribosomal subunit
Protein component of the large (60S) ribosomal subunit; binds . .

C4QWU8 RPL5 RPL5 5S rRNA and is required for 60S subunit assembly ribosome/translation 34.1 8.9 78 9 44.1

CAR6Y3 RPL6B RPL6B Protein component of the large (60S) ribosomal subunit; binds | - 4 e rangiation 186 |90 |71 9 78.4
t0 5.8S rRNA
Protein component of the large (60S) ribosomal subunit;

C4QZE7 RPL7A RPL7A contains a conserved C-terminal Nucleic acid Binding ribosome/translation 27.9 10.0 | 66 11 55.3
Domain (NDB2)

caowe3 | RrLsB RPLSB Ribasomal 605 subunit protein L8E; mutation results in ribosome/translation 268 | 101 | 101 12 60.1
decreased amounts of free 60S subunits
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C4QWY6 RPL9B RPL9B Protein component of the large (60S) ribosomal subunit ribosome/translation 21.7 9.8 129 11 55.5
Conserved ribosomal protein PO of the ribosomal stalk, which
C4QV50 RPPO RPPO is involved in interaction between translational elongation ribosome/translation 33.7 4.5 95 10 36.2
factors and the ribosome
Protein component of the small (40S) ribosomal subunit;
required for maturation of 18S rRNA along with RpsOAp; . .
C4QYKoO RPSOB RPS0B deletion of either RPSO gene reduces growth rate, deletion of ribosomef/translation 292 4.4 181 5 255
both genes is lethal
C4R9CO RPS10A RPS10A Protein component of the small (40S) ribosomal subunit ribosome/translation 13.2 9.5 212 6 56.8
C4R146 RPS11B RPS11B Protein component of the small (40S) ribosomal subunit ribosome/translation 17.6 111 | 281 6 56.8
C4R4Z8 RPS12 RPS12 Protein component of the small (40S) ribosomal subunit ribosome/translation 15.6 4.4 466 5 41.7
C4R7Y4 RPS13 RPS13 Protein component of the small (40S) ribosomal subunit ribosome/translation 17.1 109 | 163 8 57.6
C4ROT? RPS14A RPS14A Ribosomal protein 59 of the small subunit, required for ribosome/translation 152 | 116 | 106 7 618
ribosome assembly and 20S pre-rRNA processing
C4QYM1 RPS15 RPS15 Protein component of the small (40S) ribosomal subunit ribosome/translation 16.4 10.8 | 286 3 27.6
C4RT7T8 RPS16B RPS16B Protein component of the small (40S) ribosomal subunit ribosome/translation 16.4 10.8 | 224 5 48.3
C4R1R2 RPS17B RPS17B Ribosomal protein 51 (rp51) of the small (40s) subunit ribosome/translation 15.7 10.7 | 97 6 61.0
C4R1R7 RPS18A RPS18A Protein component of the small (40S) ribosomal subunit ribosome/translation 17.7 109 | 114 10 61.4
CaQYT72 RPS19B RPS19B Protein component of the small (40S) ribosomal subunit, ribosome/translation 167 |98 | 271 5 453
required for assembly and maturation of pre-40 S particles
C4R853 RPS1B RPS1B Ribosomal protein 10 (rp10) of the small (40S) subunit ribosome/translation 28.9 104 | 56 11 53.9
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Protein component of the small (40S) subunit, essential for
control of translational accuracy; phosphorylation by C-
C4QYX3 RPS2 RPS2 terminal domain kinase | (CTDK-I) enhances translational ribosome/translation 28.2 104 | 121 9 47.1
accuracy; methylated on one or more arginine residues by
Hmtlp
Protein component of the small (40S) ribosomal subunit;
C4R2D3 RPS20 RPS20 overproduction suppresses mutations affecting RNA ribosome/translation 135 105 | 319 5 415
polymerase I11-dependent transcription
C4R0T8 RPS22A-2 RPS22A Protein component of the small (40S) ribosomal subunit ribosome/translation 14.6 104 | 290 3 43.8
CARTLY RPS23A RPS23A Ribosomal protein 28 (p28) of the small (405) ribosomal ribosomeftranslation 159 | 116 | 0 3 46.2
subunit, required for translational accuracy
C4RT7F4 RPS24A RPS24A Protein component of the small (40S) ribosomal subunit ribosome/translation 15.4 109 | 329 7 48.1
C4R256 RPS25A RPS25A Protein component of the small (40S) ribosomal subunit ribosome/translation 12.0 10.6 | 348 4 45.4
C4R1A3 RPS27B RPS27B Protein component of the small (40S) ribosomal subunit ribosome/translation 8.9 10.2 | 634 2 29.3
C4QWN4 RPS27B-2 RPS27B Protein component of the small (40S) ribosomal subunit ribosome/translation 9.0 105 | 524 1 19.5
C4QXU7 RPS28B RPS28B Protein component of the small (40S) ribosomal subunit ribosome/translation 7.6 113 | 0 3 41.8
Protein component of the small (40S) ribosomal subunit, has
C4QVA2 RPS3 RPS3 apurinic/apyrimidinic (AP) endonuclease activity; essential ribosome/translation 26.9 9.8 61 12 47.7
for viability
C4R7A1 RPS4B RPS4B Protein component of the small (40S) ribosomal subunit ribosome/translation 31.7 9.6 82 9 37.2
Protein component of the small (40S) ribosomal subunit, the
C4R5H6 RPS5 RPS5 least basic of the non-acidic ribosomal proteins; ribosome/translation 24.6 9.9 62 5 44.3
phosphorylated in vivo; essential for viabilityns
C4R6U6 RPS6B-2 RPS6B Protein component of the small (40S) ribosomal subunit ribosome/translation 27.0 10.7 | 179 7 28.0
C4R762 RPS7B RPS7B Protein component of the small (40S) ribosomal subunit; ribosome/translation 21.3 9.7 161 9 56.9
interacts with Ktillp; deletion causes hypersensitivity to
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C4QX43 RPS8A RPS8A Protein component of the small (40S) ribosomal subunit ribosome/translation 22.5 109 | 122 6 41.0
C4QYES8 RPS9B RPS9B Protein component of the small (40S) ribosomal subunit ribosome/translation 22.2 10.3 | 189 7 40.9
Translational elongation factor EF-1 alpha; also encoded by
TEF1,; functions in the binding reaction of aminoacyl-tRNA . .
C4QzZB0 TEF2 TEF2 (AA-RNA) to ribosomes; may also have a role in tRNA re- ribosome/translation 50.1 9.8 15 21 61.2
export from the nucleus
Gamma subunit of translational elongation factor eEF1B,
. stimulates the binding of aminoacyl-tRNA (AA-tRNA) to . :
C4R6V3 TEF4-1 TEF4 ribosomes by releasing eEFLA (Tef1p/Tef2p) from the ribosome/translation 47.1 6.1 37 6 23.7
ribosomal complex
Translation initiation factor elF4A, identical to Tiflp;
DEA(D/H)-box RNA helicase that couples ATPase activity to
C4R506 TIF2 TIF2 RNA binding and unwinding; forms a dumbbell structure of ribosome/translation 45.0 4.8 27 6 25.6
two compact domains connected by a linker; interacts with
elF4G
C4ROY3 TMA19 TMA19 Protein that associates with ribosomes ribosome/translation 18.5 4.2 236 2 19.2
Gamma subunit of translational elongation factor eEF1B,
stimulates the binding of aminoacyl-tRNA (AA-tRNA) to
C4R6N9 YEF3 YEF3 ribosomes by releasing eEF1A (Teflp/Tef2p) from the ribosome/translation 116.6 5.5 5 16 22.8
ribosomal complex; contains two ABC cassettes; binds and
hydrolyzes ATP
CAQXET Z‘%%—gclhrl' SNL1 BAG domain:BAG domain unknown 251 |98 |o 4 23.0
C4R004 E‘%Sz—l%hrz' NA hypothetical protein unknown 147 | 48 |0 4 336
C4R042 E'Ag—sihrz' NA PH domain;PH domain-like unknown 502 |58 |0 7 20.2
PAS_chr2- . - . .
C4R2X3 2 0082 NA Polyketide cyclase / dehydrase and lipid tra;Bet v1-like unknown 16.1 7.6 0 2 31.7
PAS_chr2- - . o .
C4R1Z0 2 0394 NA Stomatin-like protein / Band 7 family;Band 7/SPFH domain unknown 35.9 5.7 162 4 16.2

177




Chapter V

The lipidome and proteome of microsomes from the methylotrophic yeast Pichia

pastoris
CARA12 PAS_chr3 0261 | GTT3 (I}:r?‘l;?r:Tillz‘:tlon factor, N-terminal domain;Rho N-terminal unknown 0 0 TMH,3 | 390 | 45 | 203 3 141
NAD dependent epimerase/dehydratase family;NAD(P)-
C4R5A5 PAS_chr3_0692 | NA binding Rossmann-fold domains unknown 0 0 0 35.8 5.9 0 6 22.0
C4R699 PAS_chr3_1023 | PAR32 Protein of unknown function (DUF3602) unknown 0 0 0 16.1 9.1 0 3 29.1
C4R718 PAS chr4_0320 | NA Protein of unknown function (DUF3812) unknown 0 0 0 92.7 4.7 194 7 10.1
C4QV09 PHM7 PHM7 Protein of unknown function, expression is regulated by unknown 0 1 TMH, 100.6 83 157 13 18.0
phosphate levels 10
CARSMO CPsi1 cPs1 Vacuqlar carboxyp_e_ptldase yscS; expression is induced under vacuole 0 1 TMH, 1 65.8 50 174 14 35
low-nitrogen conditions
Vacuolar aspartyl protease (proteinase A), required for the
C4R6G8 PEP4 PEP4 posttranslational precursor maturation of vacuolar proteinases; | vacuole 1 0 0 44.3 4.5 0 3 15.9
important for protein turnover after oxidative damage
Phosphorylated and palmitoylated vacuolar membrane protein
that interacts with Atg13p, required for the cytoplasm-to-
C4QXF8 VAC8 VAC8 vacuole targeting (Cvt) pathway; interacts with Nvj1p to form vacuole 0 0 0 60.7 a7 0 8 221
nucleus-vacuole junctions
Subunit d of the five-subunit VO integral membrane domain of
vacuolar H+-ATPase (V-ATPase), an electrogenic proton
C4R2G6 VMAG VMAG pump found in the endomembrane system,; stabilizes VO vacuole 0 0 0 39.6 4.4 0 5 20.4
subunits; required for V1 domain assembly on the vacuolar
membrane
Subunit a of vacuolar-ATPase VO domain, one of two
isoforms (Vphlp and Stvlp); Vphlp is located in V-ATPase
CARGH4 VPHL VPHL complexes of the vacuole while Stv1p is located in V-ATPase vacuole 0 0 TMH, 7| 920 49 0 4 6.2
complexes of the Golgi and endosomes
C4REN2 VPS70-1 VPS70 gfttli'g of unknown function involved in vacuolar protein vacuole 0 1 TMH,1 | 946 | 65 | 256 4 136
Vacuolar glutathione S-conjugate transporter of the ATP- T™MH
C4Qz04 YCF1 YCF1 binding cassette family, has a role in detoxifying metals such vacuole 0 0 14 ! 169.2 9.3 0 6 53
as cadmium, mercury, and arsenite
39 57 118
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Abstract

The anionic phospholipid cardiolipin (CL) has a unique dimeric structure and plays an
important role in bioenergetics, respiration and mitochondrial function. Here we describe
identification of CL synthase from the methylotrophic yeast Pichia pastoris. The gene locus
was identified by homology blast search, and the function of the Pichia pastoris CRD1 gene
product as CL synthase was proven by complementation of defects in a S. cerevisiae crdIA
deletion strain. Expression of the Pichia gene in S. cerevisiae led to compensation of the
temperature sensitive phenotype and restored CL formation in S. cerevisiae crdIA.
Overexpression of CRDL1 in Pichia pastoris caused changes in the phospholipid pattern and
improved growth under aerobic conditions. Thus, CL seems to play also an important role in

Pichia pastoris.
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1 Introduction

Biological membranes are composed of phospholipids, sterols and sphingolipids. Besides
the structural function of lipids, they also serve as a matrix for various cellular processes [1].
One phospholipid with special properties is cardiolipin (CL). Its structure is unique among all
phospholipids and its localization is mainly restricted to one organelle, the mitochondria. The
name cardiolipin has been chosen due to its first isolation from beef heart in the early 1940s
[2]. Structural differences to other phospholipids are given by the fact that CL is a lipid dimer
consisting of two glycerophosphate backbones with four fatty acyl chains [3]. CL is
synthesized by condensation of the phospholipid phosphatidylglycerol with cytidine-
diphosphate diacylglycerol which is derived from phosphatidic acid. This reaction is
catalyzed by cardiolipin synthase [4]. After its biosynthesis, CL undergoes acyl chain
remodeling, where it is de-acetylated and re-acetylated to yield a functional CL molecule [5-
7]. In contrast to other phospholipids, which are synthesized mainly in the endoplasmic
reticulum and then transported to their final destination, CL synthesis takes place in
mitochondria where the largest portion of the functional molecule remains [8]. CL is
primarily localized to the inner mitochondrial membrane [9] where it acts as a supporter of
several cellular processes and is important for the maintenance of mitochondria integrity
[10,11]. It is required for a mitochondrial respiration [12] and thus for cellular ATP
production [13] by stabilizing and activating proteins and complexes of the respiratory chain.
Furthermore, an involvement of CL in programmed cell death, the so called apoptosis, has
been demonstrated [14-16]. CL electrostatically anchors the pro-apoptotic factor cytochrome
¢ to the inner mitochondrial membrane and regulates its release which induces apoptosis. The
contribution of CL in mitochondrial functions suggests that its loss, depletion or alteration in
the acyl chain composition will lead to mitochondria dysfunction and trigger pathological
processes associated to compromised mitochondrial function. Indeed, alterations in CL
biology were demonstrated in Ischemia and Reperfusion, heart failure or the Barth syndrome
[17,18].

In higher eukaryotes, CL is essential for life, while the yeast Saccharomyces cerevisiae is
still viable in the absence of CL [19]. Thus, S. cerevisiae has become a useful model organism
to study CL biosynthesis and acyl chain remodeling. In contrast, lipid biochemistry in general
and cardiolipin synthesis in especial has not been studied intensively with the methylotrophic

yeast Pichia pastoris, although this microorganism has become a popular expression system
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for heterologous protein production in industry and applied research [20]. In our laboratory an
initiative has been launched several years ago to study organelles from Pichia pastoris in
some detail [21-24]. As part of these studies, we wished to get a deeper insight into the
phospholipid metabolism of Pichia pastoris. During these investigations, we also studied CL
as a major phospholipid of mitochondrial membranes and focused on its synthesis and the
enzyme involved. For this purpose, we first identified the CRD1 gene encoding the CL
synthase in Pichia pastoris CBS7435 wild type strain. Here we show that the gene product
expressed in a S. cerevisiae crd1A strain was able to complement for the temperature sensitive
growth phenotype and to restore CL synthesis. Furthermore, we demonstrate that expression
of the CRD1 gene in Pichia pastoris under an inducible promoter influenced growth of the
microorganism. Deletion of the CRD1 gene failed so far. The reason for this failure may be
the fact that Pichia pastoris is a strictly aerobic organism, and CL as a cofactor for

mitochondrial function and respiration may be essential for cell viability.
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2 Experimental procedures

2.1 Strains and culture conditions

Strains used in these studies are described in Table 1. E. coli strains were grown at
37°C, S. cerevisiae strains at 30°C or 37°C, and P. pastoris strains at 30°C. Liquid cultures
were incubated with shaking at 130 rpm. For P. pastoris baffled Erlenmeyer flasks were used.

The Oxoid anaerobic system was used for anaerobic growth tests.

Full media (YP) containing 1 % yeast extract, 2 % peptone and the respective carbon
source or synthetic minimal media (MM) containing 0.67% yeast nitrogen base with
ammonium sulfate but without amino acids, the respective carbon source and amino acid
supplements were used for yeast cultivation. For details see Table 2. LB(A) media containing
1% tryptone, 0.5% yeast extract, 0.5% sodium chloride with or without ampicillin (100
pg/ml) were used for bacteria cultivation. For preparation of agar plates, 2% agar was added
to the respective media. For anaerobic growth, agar plates were supplemented with 20 pg/ml

ergosterol and 0.06% Tween 80 as a source of oleic acid.

2.2 Growth phenotype analysis

For complementation studies, the S. cerevisiae strains BY4741, BY4741 crdlA,
BY4741 crd1A [pYes2] and BY4741 crd1A [pYes2 Pp CRD1] were grown over night in the
respective medium (MMD, MMD -ura) at 30°C. For growth phenotype analysis of P.
pastoris, the wild type CBS7435 and the CBS7435 GalP-CRD1 construct were grown over
night in the respective medium (YPD, YPD®*®). One OD unit was harvested and cells were
suspended in 1 ml sterile ddH,O. Serial dilutions were prepared in sterile water, and 5 pl of
each serial dilution were spotted onto agar plates containing different carbon sources. Plates
were incubated either at 30°C or at 37°C for 2 — 4 days.

For growth in liquid media, P. pastoris wild type CBS7435 and the CBS7435 GalP-
CRD1 were precultured in full medium in baffled Erlenmeyer flasks shaking at 130 rpm at
30°C for 2 days. Main cultures on YPD, YPGal and YPLac were inoculated with the

precultures to an ODggo 0f 0.1 and incubated with shaking at 130 rpm at 30°C. Over a time
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period of 48 hours, samples were taken from the main cultures at defined time points, and the

ODggo Was optically determined.

2.3 Bioinformatical studies

DNA sequences were obtained from http://www.ncbi.nlm.nih.gov/pubmed/. Blast

search was performed using a Lalign alignment software provided by http://www.expasy.org/.

Clustal Omega multiple protein sequence alignment software provided by

http://www.ebi.ac.uk/services/proteins was used for protein homology studies. A conserved

domain search software provided by http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml

was used to identify protein domains.

2.4  Genetic techniques

All enzymes, buffers, kits and plasmids used for genetic manipulations are

commercially available. Primers used in this study are shown in Table 3.

2.4.1 Cloning of the P. pastoris CRD1 gene into S. cerevisiae BY4741 crdlA

Plasmid pYes2 was isolated from E. coli Topl0 [pYes2] cells using a commercial
available plasmid isolation kit. After disruption of P. pastoris CBS7435 cells with glass beads
in 500pl lysis buffer (100 mM Tris/HCI pH 8.0, 50 mM EDTA pH 8.0, 1% SDS), genomic
DNA was isolated by adding 275 ul 7M ammonium acetate and 500 pl chloroform. Genomic
DNA was precipitated with isopropanol, washed with 70% ethanol and dissolved in sterile
ddH,0. The putative P. pastoris CRD1 gene was amplified by a standard PCR from the
genomic DNA using primers 1 and 2. Plasmid pYes2 and amplified gene were cut with Xbal
and BamHI. The cut plasmid and the insert were ligated using T4 DNA ligase, and the vector
construct was transformed into competent E. coli Topl0 cells by chemical transformation
[25]. Cells were plated onto LBA plates and incubated at 37°C. Clones were streaked out onto
new LBA plates and checked by colony PCR using primers 3 and 4. As a control, plasmid
pYes2 CRD1 was isolated from several positive clones, cut with Stul or BamHI and Xbal and

sequenced. After verification, pYes2 CRD1 was isolated from one positive clone and
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transformed into S. cerevisiae BY4741 crdlA cells by a standard lithium acetate
transformation method [26]. As a control, cells were also transformed with the empty vector.
Transformed cells were plated onto MMD —ura plates and incubated at 30°C. Clones were
streaked out onto new MMD -—ura plates and checked by colony PCR using primers 5 and 6.

Plasmids were isolated from positive clones and sequenced.

2.4.2 Replacement of the native promoter of the P. pastoris CRD1 gene by an inducible

promoter

Plasmids pYes2 and pFA6a-KanMX6 isolated from E. coli Topl10 [pYes2] and Topl0
[pFAGa-KanMX6] cells using a commercially available plasmid isolation kit served as
templates for the amplification of the galactose promoter (GalP) and the Geneticin (G418)
resistance cassette by a standard PCR. Primers 7 and 8 were used for amplifying the G418
resistance cassette; and primers 9 and 10 for amplification of the GalP. The P. pastoris CRD1
gene was amplified by standard PCR from genomic DNA isolated as described above using
primers 11 and 12. Amplified single fragments were used as templates for an overlap PCR
performed by a standard protocol. The overlap PCR revealed a fragment which contains a 5
flanking region homologous to a sequence ~ 1000 bp upstream of the CRD1 ORF, the G418
resistance cassette, the inducible Gal promoter and the whole CRD1 gene. This fragment was
transformed into P. pastoris CBS7435 by electroporation using a condensed protocol [27].
Cells were plated onto YPGal®*® plates and incubated at 30°C. Obtained clones were
checked by colony PCR using the primer combination 13/14 and 12/15; and genomic DNA
was isolated from the positives and sequenced.

2.4.3 Real time PCR

For RT-PCR, the P. pastoris CBS7435 and the CBS7435 GalP-CRD1 strains and the S.
cerevisiae BY4741 strain were precultured in baffled Erlenmeyer flasks in YPD with shaking
at 130 rpm for 2 days at 30°C. Cells were shifted to either fresh YPD medium or to YPGal
medium for main cultures, and cells were grown at 30°C to the mid logarithmic growth phase.
Cells were harvested and total RNA was isolated using an RNeasy kit from Quiagen as

described by the manufacturer. After DNase | digestion, RT-PCR was performed using the
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SuperScript 111 Platinum SYBR Green one-step quantitative RT-PCR kit (Invitrogen) by
following the manufacturer’s instructions. Primers 16 and 17 were used for amplification of
the Pichia CRD1 gene; and primers 18 and 19 for the Pichia ARG4 gene as a reference gene.
Primers 20 and 21 were used for amplification of the Saccharomyces CRD1 gene; and primers
22 and 23 for the Saccharomyces ARG4 gene as a reference gene. Reactions were performed
in sealed MicroAmp Optical 96-Well Reaction Plates, and amplification was measured using
an ABI 7500 instrument (Applied Biosystems). Samples were quantified using the
comparative Ct method (AACt) described by Livak and Schmittgen [28]. With this method,
the differences in CRD1 mRNA expression after ARG4 normalization relative to the control

were calculated.

2.5 Isolation of mitochondria

The P. pastoris CBS7435 and the GalP-CRD1 strain were precultured in baffled
Erlenmeyer flasks in YPD with shaking at 130 rpm for 2 days at 30°C. Cells were shifted to
either fresh YPD medium or to YPGal medium for main culture. The S. cerevisiae strains
BY4741, BY4741 crd1A, BY4741 crd1A [pYes2] and BY4741 crd1A [pYes2 CRD1] were
precultured in Erlenmeyer flasks in MMGal with shaking at 130 rpm for 2 days at 30°C and
shifted to fresh MMGal medium for main cultures.

Mitochondria were isolated from cells grown to the late exponential growth phase at
30°C. Cell fractionation was performed by the following procedure. Cells were harvested and
converted to spheroplasts by using Zymolyase 20T [22]. After 1 h of enzymatic treatment,
spheroplasts were homogenized in Tris-mannitol buffer (0.6 M mannitol, 10 mM Tris/HCI,
pH 7.4) containing PMSF (1 M, 2 pl/g cww) with 15 strokes in a Dounce Homogenizer.
Homogenates were centrifuged at 5,500 rpm at 4°C for 5 min in a Sorvall RC 6 Plus
centrifuge using an SS-34 rotor. This procedure was repeated twice with the obtained pellet
after resuspension in Tris-mannitol buffer. Combined supernatants (crude homogenate) were
centrifuged at 10,000 rpm at 4°C for 10 min. The resulting pellet was suspended in Tris-
mannitol buffer and centrifuged at 5,500 rpm at 4°C for 5 min to remove residual cell debris.
The obtained supernatant was centrifuged at 10,000 rpm at 4°C for 10 min. The pellet
(mitochondria) was suspended in Tris/HCI, pH 7.4 and stored at -70°C.
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2.6 Protein analysis

Homogenate and mitochondria were diluted 1:10 with water. Proteins were precipitated
with trichloroacetic acid (final concentration 10%) on ice at least for 1 h. After washing,
precipitated proteins were solubilized in 0.1 % SDS, 0.1 M NaOH at 37°C for 30 min. Protein
quantification was performed as described by Lowry et al. [29]. For the quality control of the
isolated mitochondria, SDS-polyacrylamide gel electrophoresis was carried out by the method
of Laemmli [30] using 12.5 % SDS gels. Ten pug protein of each sample were loaded per lane.
Gels were used for Western Blot analysis according to Haid and Suissa [31]. Primary
polyclonal antibodies raised in rabbits were directed against S. cerevisiae proteins. For
detection, peroxidase conjugated secondary antibodies and a chemiluminescent signal
detection solution (SuperSignal® West Pico Chemiluminescent Substrate, Thermo Scientific,

Rockford, IL, USA) were used to visualize immune-reactive proteins.

2.7 Phospholipid analysis

Lipids were extracted following the procedure of Folch et al. [32]. For phospholipid
analysis, lipids were extracted from samples containing 1-2 mg protein. Extracted lipids were

dried under a stream of nitrogen and stored at -20°C.

Individual phospholipids were separated by two-dimensional thin-layer
chromatography on Silica gel 60 plates using chloroform/methanol/25 % NH3 (65/35/5 per
vol.) as the first; and chloroform/acetone/methanol/acetic acid/water (50/20/10/10/5, per vol.)
as the second solvent system. Phospholipids were detected by staining spots on plates with
iodine vapor. Stained spots were scraped off, and phospholipids were quantified by the
procedure of Broekhuyse [33]. For total phospholipid analysis, aliquots of dried lipid extracts

were directly subjected to phosphate determination using phosphate as standard.
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3 Results

3.1 Bioinformatical identification of the CRD1 gene in P. pastoris CBS7435

Since the gene encoding the cardiolipin synthase in the P. pastoris wild type strain
CBS7435 has not yet been annotated, we first performed a bioinformatical screening. In a
blast search, the CRD1 gene from S. cerevisiae, the CRD1 gene from the P. pastoris strain
GS115 and the whole genome of the P. pastoris strain CBS7435 were compared (Lalign
alignment; http://www.expasy.org/). This blast search identified the gene locus 0636 on

chromosome 3 of the CBS7435 strain as potential CRD1 gene, which shared 56% sequence
homology to the CRD1 gene from S. cerevisiae, and 87% sequence homology to the GS115
CL synthase encoding gene. The identified open reading frame was annotated to encode for a
putative membrane protein. Clustal Omega multiple protein sequence alignment software

(http://www.ebi.ac.uk/services/proteins) was used to evaluate the homologies of the translated

products. Both Pichia proteins shared about 38% sequence homology to the S. cerevisiae
Crd1p and about 90% to each other as shown in Figure 1A. The CBS7435 protein encoded by
Chr. 3 0636 consists of 340 amino acids and differs in the first 32 amino acids from the CL
synthase from the GS115 strain which consists of 308 amino acids. The remaining amino
acids showed a hundred percent homology. A conserved domain search from the CBS7435
putative Crd1lp using a conserved domain search software

(http://www.ncbhi.nlm.nih.gov/Structure/cdd/cdd.shtml) revealed several domains involved in

lipid metabolism belonging to the CDP-alcohol phosphatidyltransferase superfamily (Figure
1B). These domains harbor the ability to catalyze the displacement of CMP from a CDP-
alcohol by a second alcohol forming a phosphodiester bond. The most important finding was
the presence of a cardiolipin synthase domain. Taken together, our bioinformatical
investigations confirmed that the gene locus 0636 on chromosome 3 codes for the CL
synthase in P. pastoris wild type strain CBS7435.
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3.2 Expression of the putative CRD1 gene from P. pastoris CBS7435 in a S. cerevisiae
crdlA deletion strain

Although putative CRD1 genes from P. pastoris CBS7435 and GS115 were identified
by computational studies, the function of the respective gene products has not yet been proven
by biochemical methods. To address this question, the CRD1 gene from P. pastoris CBS7435
was cloned into a S. cerevisiae crdlA strain. The growth phenotype (Figure 2) and the
phospholipid composition (Figure 3) were analyzed from the S. cerevisiae wild type strain
BY4741, the BY4741 crdiA deletion strain and the deletion strain harboring a vector
containing the putative CRD1 gene from P. pastoris CBS7435 expressed under the control of
a galactose promoter. For phenotype analysis, drop tests were performed on different carbon
sources, and plates were incubated at 30°C or 37°C. As can be seen from Figure 2, the
BY4741 crdi4 strain showed a growth defect at the elevated temperature. This defect was
also observed in a control strain which harbored the empty vector. When the CRD1 gene from
P. pastoris was expressed in the crdl4 background, the growth defect at 37°C was
compensated independent of the carbon source. The compensating effect was also observed at
30°C when lactate was used as carbon source. At this temperature the deletion strain showed

reduced viability which was rescued by expression of the P. pastoris CRD1 gene.

To further verify the identity of the CL synthase from P. pastoris CBS7435,
mitochondria were isolated from the S. cerevisiae wild type, the crdi4 deletion strain and the
deletion strain expressing the CRD1 gene from P. pastoris. Strains were grown on MM
containing galactose as carbon source. Galactose induces the Gal promoter and thus the
expression of the P. pastoris CRD1 gene in the deletion strain. Phospholipids were extracted
from the mitochondria and analyzed by two-dimensional TLC. This analysis showed that CL
was synthesized in wild type, whereas in the S. cerevisiae crdiA deletion strain no CL was
formed (Figure 3A). Expression of the P. pastoris CRD1 gene in the deletion strain rescued
CL synthesis as shown by the presence of the CL spot on the TLC plate. The relative amounts
of individual phospholipids from mitochondria were examined by phosphate determination.
Levels of PC, Pl and some minor phospholipids were similar in all three strains. In contrast,
PE was markedly increased in the deletion strain over the wild type, whereas CL was
completely absent (Figure 3B). In the strain expressing the P. pastoris CRD1 gene PE was
still slightly increased over the wild type, and CL was formed to approximately 70% of the

wild type control.
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Conclusively, complementation of the growth defect of a S. cerevisiae crdi4 strain by
expression of the P. pastoris CBS7435 CRD1 gene and phospholipid analysis identified the
gene coding for CL synthase in P. pastoris.

3.3 Anaerobic growth of the P. pastoris CBS7435 wild type strain

Due to the fact that CL is involved in mitochondria integrity, cell respiration and energy
production, we investigated the ability of the P. pastoris CBS7435 wild type strain to grow
under anaerobic conditions. As a control, the S. cerevisiae BY4741 and the BY4741 crdiA
strain were also tested. The three strains were streaked out on agar plates containing different
carbon sources. Media were supplemented with ergosterol and Tween 80. The plates were
incubated in an anaerobic jar at 30°C at least for four days. Figure 4 demonstrates that P.
pastoris CBS7435 was not viable under anaerobic conditions. In contrast, both
Saccharomyces strains were able to grow in the absence of oxygen. These results indicate that
P. pastoris CBS7435 wild type strain is a strict aerobic organism. This fact may be the reason
why deletion of the P. pastoris CRD1 gene failed so far. It may be possible that CL is
essential for maintaining mitochondrial respiration in P. pastoris, and lack of CL synthesis

may thus lead to loss of viability.

3.4 Replacement of the native CRD1 promoter by an inducible galactose promoter

By overlap PCR, a DNA fragment consisting of homologous sequences to the up- and
downstream flanking region of the P. pastoris chromosomal CRD1 open reading frame, a
geneticin resistance gene and the complete CRD1 gene under the control of a galactose
promoter (GalP) was constructed. This fragment was transformed into the P. pastoris
CBS7435 wild type strain. Through homologous recombination, the chromosomal native
promoter of the CRD1 gene was replaced by the inducible galactose promoter. The strategy
for the promoter replacement is shown in Figure 5. Positive clones were selected by geneticin
resistance and confirmed by colony PCR and sequencing. Finally, a strain named P. pastoris
CBS7435-GalP-CRD1 was obtained where the CRD1 gene expression is under control of the
galactose promoter.
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The galactose promoter described above is induced by galactose or lactate and repressed
by glucose. However, this promoter cannot be completely switched off under repressive
conditions. Even when the galactose promoter was repressed a basal expression level of the
CRD1 gene remained. To test the growth phenotype of the constructed strain, we performed
drop tests on inducing and repressing carbon sources and determined growth in liquid cultures
(Figure 6). The GalP-CRD1 construct was compared to the wild type. Repression of the
galactose promoter did not change the growth behavior of the GalP-CRD1 strain, neither on
plates nor in liquid cultures (Figures 6A and D). A positive effect on growth was observed
when the galactose promoter was induced on galactose as well as lactate containing media
(Figures 6B-D). The most significant difference was discovered when plates with a low
concentration of galactose were used for the drop tests. This result led us to hypothesize that

overexpression of CRD1 in P. pastoris may improve cell mass production.

3.5 CRD1 gene expression of the P. pastoris CBS7435-GalP-CRD1 strain

To confirm that the increased growth under inducing conditions was the result of
enhanced CRD1 gene expression we performed RT-PCR analysis with wild type and the
strain bearing the GalP-CRD1 construct. Precultures were grown on glucose and main
cultures were grown on glucose medium or galactose medium. At the mid logarithmic growth
phase RNA was isolated and RT-PCR was performed. Results are shown in Figure 7. Shifting
the GalP-CRD1 strain from glucose to a fresh glucose medium which represses the galactose
inducible promoter, did not change the CRD1 gene expression at all. This result was in line
with the above described growth phenotype. When the galactose promoter was induced by
shifting the cells from glucose to a galactose medium, a marked increase of the CRD1 gene
expression over the wild type level was detected. Thus, the growth phenotype correlated with
the gene expression of CRD1. We also compared the CRD1 gene expression levels of P.
pastoris to the S. cerevisiae BY4741 strain which was set at 1. Independent of the carbon
source the level of CRD1 gene expression was higher in P. pastoris than in S. cerevisiae.
When cells were shifted from glucose to galactose, the difference between the two wild type
strains was only moderate, but induction of the galactose promoter led again to a strong

increase of MRNA synthesis.
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3.6  Phospholipid analysis of the P. pastoris CBS7435-GalP-CRD1 strain

Since CL is a mitochondrial phospholipid, we isolated mitochondria from the WT and
the GalP-CRD1 construct and determined the distribution of individual phospholipids and the
amount of total phospholipids. Precultures of the strains were grown on glucose and shifted
for the main cultures to fresh glucose or galactose media, respectively, and mitochondria were
isolated at the late logarithmic growth phase. Lipids were extracted from mitochondria and
subjected to phospholipid analysis. Interestingly, the relative distribution of individual
phospholipids from wild type and the GalP-CRD1 strain was similar independent of the
carbon source (Figure 8A). In contrast, the amount of total phospholipids was changed
(Figure 8B). Repressing the galactose promoter led to a reduction of the total phospholipid
amount in comparison to wild type. Under inducible conditions, the amount of total
phospholipids in mitochondria from the GalP-CRD1 strain was increased over wild type as
well as over the GalP-CRD1 strain which was grown on glucose. Also the amount of CL was
increased in the GalP-CRDL1 strain after promoter induction in comparison to the wild type
and the GalP-CRD1 strain grown on glucose (Figure 8C). Taken together, the results of the
phospholipid analysis suggested that an improved CRD1 gene expression led to an overall
increase of phospholipid synthesis in P. pastoris, while the distribution of the individual

phospholipids is not influenced.
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4 Discussion

Due to the fact that Pichia pastoris has become a very important biotechnological tool
used in the industry for the production of heterologous proteins, it is obvious to study cell
biological and biochemical properties of this organism more in detail. Several investigations
concerning Pichia organelles and their lipidome and proteome have already been performed
in our laboratory [21-24]. These studies also led us to investigate phospholipid metabolism of

P. pastoris in more detail as phospholipids are the basis of all organelle membranes.

In the present work, we focused on the synthesis of CL, a unique phospholipid which
is primarily found in mitochondria. In S. cerevisiae, the enzyme catalyzing CL synthesis is
encoded by the CRD1 gene. To identify the respective gene in P. pastoris and to characterize
the gene product we have chosen a stepwise approach. First, we performed bioinformatical
studies to identify the CRD1 gene in P. pastoris CBS7435. Secondly, we expressed the CRD1
gene from Pichia pastoris in a S. cerevisiae crdIA deletion strain and showed (i)
complementation of the growth defect in S. cerevisiae crdIA by the P. pastoris gene; as well
as (i) reconstitution of the ability to synthesize CL. Thus we clearly identified the CRD1 gene
encoding for the CL synthase in P. pastoris by function. Finally, we investigated effects of

CRD1 overexpression in P. pastoris.

To address the question as to the physiological role of CL in P. pastoris and especially
in mitochondria we tried to delete the CRD1 gene, but without success. As P. pastoris is a
strictly aerobic microorganism (see Figure 4) one might speculate that CL which is important
for respiration is essential for growth. The influence of the CL level on the growth behavior of
P. pastoris was also demonstrated with a strain overexpressing CRD1 under an inducible
promoter. At present it is difficult to interpret why the amount of total mitochondrial
phospholipids was increased in the overexpressing strain, while the distribution of the
individual phospholipids was not altered. Thus, the link between CL metabolism and the rest

of the lipid biosynthetic network in P. pastoris remains to be investigated.
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Table 1: Strains used in this study.

Strain Genotype Origin
S. cerevisiae BY4741 MATa; his3A 1; leu2A 0; metl5A 0; ura3A 0 Euroscarf
S. cerevisiae BY4741 MATa; his3A 1; leu2A 0; metl5A 0; ura3A 0; | Euroscarf
crd1A YDL142c::kanMX4
S. cerevisiae BY4741 MATa; his3A 1; leu2A 0; metl5A 0; ura3A 0; | This study
crd1A [pYes2] YDL142c::kanMX4; [pYes2]
S. cerevisiae BY4741 MATa; his3A 1; leu2A 0; metl5A 0; ura3A 0; | This study
crd1A [pYes2 Pp CRD1] | YDL142c::kanMX4; [pYes2_P.p.CRD1]
E. coli Topl10 F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 | Invitrogen
AlacX74 nupG recAl araD139 A(ara-leu)7697
galE15 galK16 rpsL(StrR) endA1 A-
E. coli Top10 [pYes2] As above transformed with [pYes2] Our
laboratory
E. coli Topl10 As above transformed with [pFA6a-KanMX6] Our
[pFAB6a_KanMX6] laboratory
E. coli Top10 As above transformed with [pYes2_P.p.CRD1] This study
[pYes2 Pp CRD1]
P. pastoris CBS7435 MATa; Mut™; His"; ACIB
P. pastoris CBS7435 MATa; Mut®; His*; G418%-GalP-CRD1 This study

GalP-CRD1
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Table 2: Growth media used in this study.

YP, yeast peptone full medium; MM, synthetic minimal medium.

Growth medium

Carbon source, amino acid supplement

YPD

2% glucose

YPGal 2% galactose

YPLac 2.66% lactate, 0.1% glucose

YPGal®*® 2% galactose, 0.5 mg/ml geneticin

MMD 2% glucose, all amino acids

MMGal 2% galactose, all amino acids

MMLac 2.66% lactate, 0.1% glucose, all amino acids
MMGly 3% glycerol, all amino acids

MMEtOH 3% ethanol, all amino acids

MMGIy/EtOH 2% glycerol, 2% ethanol, all amino acids
MMD -ura 2% glucose, amino acid mix without uracil
MMGal -ura 2% galactose, amino acid mix without uracil
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Table 3: Primers used in this study.

Bold: restriction enzyme cutting sites; bold and underlined: homologous sequences to the

used templates; fwd, forward; rev, reverse.

Number | Name 5’ => 3’ sequence direction
1 Xbal-CRD1 ggatccttatttggcattttctttatttaatattctgac fwd
2 CRD1-BamHI tctagaatgactctccaggaagggcg rev
3 pYes2 control fwd | ttaacagatatataaatgcaaaaactgca fwd
4 pYes2 control rev | gtataatgttacatgcgtacacgc rev
5 CRD1 control fwd | cgaccccaaacgggtatatt fwd
6 CRD1 control rev | ctgcatccttgctgaaaaca rev
7 5’CRDI-Ifhr- tctgccgaaagagacaatctaaatgggttaattaaggegege | fwd
KanMX6 fwd 999 ggeged
8 KanMXG6 rev gaattcgagctcgtttaaactgg rev
9 manMX'GALl_P ccagtttaaacgagctcgaattcagtacggattagaageegee | fwd
10 GAL1-P-5'crd1 rev g?ttcaacctctqaaaqqatthaqttttttctccttgacgttaaa rev
11 3FR GAL1-P - | aggagaaaaaactcgaatcctttcagaggttgaatc fwd
CRD1 fwd atgactctccag
12 CRD1 rev ttatttggcattttctttatttaatattctgactgc rev
kan-gal-crdl
13 control fwd ttcagtcgtcactcatggtga fwd
kan-gal-crdl
14 control rev gaaaacataggacagcccactt rev
15 ﬁ'fVZ”MX control | attectgtttgtaattgtectttt fwd
16 RT-PP crdl fwd tggoattatcggccatctactacaga fwd
17 RT-PP crdl rev cttgcttatcgtagttggcctcacc rev
18 RT-PP arg4 fwd tcctccggtggeagttett fwd
19 RT-PP arg4 rev tccattgactcccgttttgag rev
20 RT-SC crd1 fwd gaccttcccaactatcaaaatggaaca fwd
21 RT-SC crdl rev ttctatcttcgaaatcctccteggttt rev
22 RT-SC arg4 fwd gacatgcaagaagacaaagagccacta fwd
23 RT-SC arg4 rev gtgagagcagcttccatcttttcctta rev
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Crdlp S. cerevisiae S288c 1 - - MIOMVPIYSCSALLRRTIPKR——-—PFYHVLSGLTVRFKVN--F 38
Crdlp P. pastoris GS115 1 - == =-MYFGGAVRRVAFVSGGPFHHLTMPTLRALPPLAVVNLLSVRHLTNKSP 48
Put. membrane prot. P. pastoris CBS7435 1 MTLOEGRPOQTGVLARSPISFLANLIFFPIQLFMYFGGAVRRVAFVSGGPFHHLTMPTLRALPPLAVVNLLSVRHLTNKSP 80
Crdlp S. cerevisiae S28Bc 39 QLNYNLFR———————— —————— DLTRREYATNPSKTPHIKSK———————————— LLNIPNILTLSRIGCTPFIGLFIITN a2z
Crdlp P. pastoris GS115 49 QREKQTMITKTKEIGKKMS IETVETTKKIKENTLAKSKELKESFSSMIPSEYHENIYTIPNILTFTRLLSAPIIGYLIVHN iz8

Put. membrane prot. P. pastoris CBS7435 81 QRKOTMITKTKEIGKKMS IETVETTKKIKENTLAKSKELKESFSSMIPSEYHENIYTIFPNILTFTRLLSAPIIGYLIVHN 160

Crdlp S. cerevisiae S288Bc 23 NLTPALGLFAFSSITDFMDGY IARKYGLKTIAGTILDPLADKLLMITTTLALSVPSGPOIIPVSIAAIILGRDVLLATISA 172
Crdlp P. pastoris GS115 1292 HVTSALSLFTYSCITDFIDGYIARKYNMKSVVGTVIDPMADKSLMIICTACMAQS -——HOQIPMYVAVIILGRDVLLGLSA 205
Put. membrane prot. P. pastoris CBS7435 161 HVTSALSLETYSCITDFIDGY TARKYNMESVVGTVIDPMADKSIMI ICTACMAQS ———HQIPMYVAVIILGRDVLLGLSA 237

Crdlp S. cerevisiae S288c 173 LFIRYSTLKLKYPGRVAWNSYWDIVRYPSAEVRPSQLSKWNTFFQMVYLGSGVL-—-—-LLLYEKEEGCEKTEEDFEDRKQD 249
Crdlp P. pastoris GS11S 206 IYYRYVSLPRPKTFKRFWD————— FSIPSAEVRPTTISKINTGLOMVY IGSSMIKPVLIPYLTSDSSAMV - ————————— 270
Put. membrane prot. P. pastoris CBS7435 238 IYYRYVSLPRPKTFKREFWD————— FSIPSAEVRPTTISKINTGLOMVY IGSSMIKPVLIPYLTSDS SAMV—————————— 302
Crdlp S. cerevisiae S288c¢ 250 FOKAFSYLGYVTATTTIMSGVSYALKRNAFKLLEK—-———— 283
Crdlp P. pastoris GS115 271 LOGLFA-LEITVAISTILSGLSYVFSKDAVRILNEKENAK 308

FPut. membrane prot. P. pastoris CBS7435 303 LQGLFA-LEITVAISTILSGLSYVFSKDAVRILNKENAK 340
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hits

Superfanilies
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Figure 1: Bioinformatical identification of the CRD1 gene in P. pastoris CBS7435.A) Protein alignment of the cardiolipin synthases (Crd1p) from
S. cerevisiae BY4741 and P. pastoris GS115 and the putative membrane protein from P. pastoris CBS7435. B) Conserved domains found in the
putative membrane protein from P. pastoris CBS7435. PLN02794, cardiolipin synthase; PgsA/pgsA, phosphatidylglycerophosphate synthase; CDP-
OH_P_transf, CDP-alcohol phosphatidyltransferase; PLN02558, CDP-diacylglycerol-glycerol-3-phosphate/ 3-phosphatidyltransferase; PRK10832,
phosphatidylglycerophosphate synthetase; PssA/pssA, phosphatidylserine synthase. Software used for this bioinformatical studies is mentioned

under experimental procedures.
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Figure 2: Growth phenotypic analysis of the S. cerevisiae strain BY4741 crd1A expressing

the CRD1 gene from P. pastoris.

The S. cerevisiae strains BY4741, BY4741 crd1A, BY4741 crd1A [pYes2] and BY4741
crd1A [pYes2 Pp CRD1] were grown over night in the respective medium (MMD, MMD -

ura) at 30°C. One OD unit of cells was harvested and resuspended in 1 ml sterile ddH,O.

Serial dilutions were prepared in sterile water, and 5 pl of each serial dilution was spotted

onto agar plates containing different carbon sources. Plates were incubated either at 30°C or

at 37°C for 2 — 4 days. WT, wild type; Pp, Pichia pastoris; MM, minimal medium; EtOH,

ethanol; AA, all amino acid mix.
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Figure 3: Individual phospholipids of the S. cerevisiae strain BY4741 crd1A expressing the
CRDL1 gene from P. pastoris.

Mitochondria were isolated from the S. cerevisiae strains BY4741, BY4741 crdlA and
BY4741 crd1A [pYes2 Pp CRD1], and lipids were extracted. Individual phospholipids were
separated by two-dimensional thin-layer chromatography (TLC), stained with iodine vapor
and quantified as described in the experimental procedures. A) Individual phospholipids in
mitochondria from S. cerevisiae strains BY4741, BY4741 crdlA and BY4741 crdlA
[pYes2_Pp_CRD1] separated on TLC-plates and stained with iodine vapor. B) The amounts
of cardiolipin (CL), dimethylphosphatidylethanolamine (DMPE), lysophospholipids (LP),
phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (Pl) and phosphatidylserine (PS) in mitochondria from S. cerevisiae
strains BY4741, BY4741 crd1A and BY4741 crd1A [pYes2 Pp CRD1] are shown as mol%
of total phospholipids. Data are mean values of two independent experiments analyzed in

replicates (n=4). Error bars indicate standard deviation. Pp, Pichia pastoris.
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BY4741 | BY4741
crd1A

CBS7435

Figure 4: Anaerobic growth of the P. pastoris CBS7435.

Anaerobic growth of P. pastoris CBS7435 and the S. cerevisiae strains BY4741 and BY4741
crdlA as references was tested on plates. Strains were streaked out onto agar plates
supplemented with ergosterol and Tween 80 and containing different carbon sources. Plates

were incubated anaerobically at 30°C. Growth on YPD is shown as an example.
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Figure 5: Strategy for the exchange of the native CRD1 promoter by an inducible promoter in
P. pastoris CBS7435.

The native promoter of the CRD1 gene from P. pastoris CBS7435 was replaced by the
inducible galactose promoter as described under experimental procedures. F, fragment; FR,

flanking region; ORF, open reading frame; P, promoter; Gal, galactose; G418, geneticin.
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Figure 6: Growth phenotype analysis of the P. pastoris CBS7435-GalP-CRD1 strain.

P. pastoris wild type CBS7435 and CBS7435 GalP-CRD1 were cultivated as described under

experimental procedures. Over a time period of 48 hours, samples were taken from cultures
grown on A) YPD, B) YPGal and C) YPLac, and the ODgyo was determined. D) Growth
behavior of P. pastoris CBS7435 and CBS7435-GalP-CRD1 was examined by drop tests as

described under experimental procedures. Serial dilutions were prepared and 5 pl of each

dilution was spotted onto agar plates containing different carbon sources. Plates were
incubated at 30°C for 2 — 4 days. WT, wild type; GalP, galactose promoter; YP, yeast peptone
full medium; D, glucose; Gal, galactose; Lac, lactate; P.p., Pichia pastoris. ODggo, Optical

density was measured at 600 nm.
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Figure 7: Expression of CRDL1 in P. pastoris CBS7435-GalP-CRD1.

Relative expression of the CRD1 gene from P. pastoris CBS7435 and CBS7435 GalP-
CRDL1 strains and S. cerevisiae BY4741 was determined and quantified by real time PCR as
described under experimental procedures. For RNA isolation, strains were precultured on
glucose (YPD) and shifted to fresh glucose (YPD) or galactose media (YPGal) for the main
culture. A) CRD1 gene expression of P. pastoris CBS7435-GalP-CRD1 relative to the P.
pastoris wild type CBS7435; and B) CRD1 gene expression of the P. pastoris wild type strain
CBS7435 and CBS7435-GalP-CRD1 relative to the S. cerevisiae wild type strain BY4741
after shifting the cells from YPD to a promoter repressing (YPD) or a promoter inducing
(YPGal) medium. WT, wild type; GalP, galactose promoter; YP, yeast peptone full medium;
D, glucose; Gal, galactose; Lac, lactate; ODggo, Optical density measured at 600 nm; P.p.,
Pichia pastoris; S.c. Saccharomyces cerevisiae.
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Figure 8: Phospholipid analysis of the P. pastoris CBS7435-GalP-CRD1 strain.

Mitochondria were isolated from P. pastoris strains CBS7435 and CBS7435 GalP-CRD1 after
shifting the cells from YPD to a promoter repressing (YPD) or a promoter inducing (YPGal)
medium. Individual phospholipids were separated by two-dimensional thin-layer
chromatography (TLC), stained with iodine vapor and quantified as described under
experimental procedures. Total phospholipids were directly quantified by phosphate
determination. A) The amounts of cardiolipin (CL), dimethylphosphatidylethanolamine
(DMPE), lysophospholipids (LP), phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (Pl) and phosphatidylserine (PS) in
mitochondria from P. pastoris CBS7435 and CBS7435 GalP-CRD1 are shown as mol% of
total phospholipids. Data are mean values of two independent experiments analyzed in
replicates (n=4). Error bars indicate standard deviation. B) Total phospholipids of
mitochondria from the P. pastoris strains CBS7435 and the CBS7435 GalP-CRD1 are shown
in pg/mg protein. Data are mean values of two independent experiments analyzed in
replicates (n=4). Error bars indicate standard deviation. C) Amounts of CL were calculated
from analysis A and B and expressed as g CL in mitochondria per mg protein. WT, wild
type; GalP, galactose promoter; YP, yeast peptone full medium; D, glucose; Gal, galactose;
P.p., Pichia pastoris.
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Chapter VII

General discussion

Since fundamental information about Pichia pastoris cell biological and biochemical
characteristics is rather rare, a project to characterize organelle membranes of P. pastoris was
initiated in our laboratory some years ago. This Thesis was part of the “Pichia lipidomics”
project and was primarily dedicated to the investigation of microsomes and phospholipid
metabolism in this yeast. During this study two main objectives were addressed. First, we
isolated microsomes which represent the endoplasmic reticulum from P. pastoris and studied
lipidome and proteome of this subcellular compartment in detail. Secondly, we identified the
gene responsible for the formation of the mitochondrial phospholipid cardiolipin. Moreover,
we provided an overview about lipid metabolism in yeast and summarized the entire
methodology employed in our laboratory for isolation of organelles and biomembranes from

P. pastoris and the lipid analytical techniques required for their characterization.

The lipidome and proteome of P. pastoris microsomes

In the present study we established an isolation protocol for ER fractions
(microsomes) from the methylotrophic yeast P. pastoris. The protocol used for isolation of
M30 and M40 microsomes was adapted from methods originally designed for S. cerevisiae
and is based on various steps of differential centrifugation. Microsomal fractions were
obtained at high quality and their lipidome and proteome was analyzed.

The lipidome studies revealed that almost all phospholipid species detected contained
at least one unsaturated fatty acid. Since P. pastoris does not only produce monounsaturated
fatty acids like S. cerevisiae [1] but also polyunsaturated acyl chains, a high degree of
unsaturation in the membranes is reached thus influencing membrane properties and
membrane protein functions.

Another interesting finding derived from the lipidome analysis was the
glycerophospholipid class specific pattern of species. Although PS and Pl synthases are
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distinct enzymes, their specificity appears to be similar resulting in PS and P1 species patterns
with a large portion on C34:1 and C34:2. These observations may be explained by the
biosynthetic origin of the respective phospholipids. PS and Pl are derived from the same
precursor, CDP-diacylglycerol [2,3]. The pattern of aminoglycerophospholipid species (PS —
PE — PC) is less specific as shown by the high diversity of species containing unsaturated C34
and C36. The fact that PE and PC are synthesized by two different biosynthetic routes, the
CDP-ethanolamine/choline pathway and the methylation pathway, may contribute to the
broad and almost randomized pattern of PC and PE species.

Although DG and TG are primarily found in lipid droplets, substantial amounts of
these lipids were also detected in microsomes. This finding may be explained by the fact that
enzymes of TG synthesis in P. pastoris identified recently [4] are also ER components.

P. pastoris is a “low sterol yeast” since sterol levels in all organelle membranes (our
own observations and [5,6]) as well as in lipid droplets in the form of steryl esters [7] are low.
Similar to sterols, the concentration of inositol containing sphingolipids in ER membranes
appears to be low compared to the plasma membrane (our own unpublished observations).
The complex hexosylceramides and inositol containing ceramides seem to evolve from
different ceramide species.

The large number of proteins detected in microsomal fractions as well as the protein
profile indicated that ER proteins comprise a predominant portion of total proteins in the cell.
Beside proteins involved in glycosylation, secretion and translation, a number of lipid
biosynthetic enzymes were found as prominent components of the ER in our proteome study.
These investigations provide for the first time a deeper insight into the protein molecular

equipment of microsomes from P. pastoris.

Identification of the cardiolipin synthase in P. pastoris

In this thesis, phospholipid metabolism in P. pastoris was also studied by investigating
cardiolipin (CL) synthesis. The enzyme catalyzing CL formation is the mitochondrial CL
synthase. To identify the respective gene from P. pastoris and to characterize the gene
product we have chosen a stepwise approach. First, we identified the CRD1 gene in P.
pastoris CBS7435 by bioinformatical studies. Secondly, we expressed the CRD1 gene from
P. pastoris in a S. cerevisiae crdIA deletion strain and showed (i) complementation of the
growth defect in S. cerevisiae crdIA by the P. pastoris gene; as well as (ii) reconstitution of

the ability to synthesize CL. Thus, we identified the CRD1 gene encoding for the CL synthase
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in P. pastoris by function. Finally, we investigated effects of CRD1 overexpression in P.

pastoris.

To address the question as to the physiological role of CL in P. pastoris and especially
in mitochondria we tried to delete the CRD1 gene, but without success. As P. pastoris is a
strictly aerobic microorganism one might speculate that CL which is important for respiration
is essential for growth. The influence of the CL level on the growth behavior of P. pastoris
was also demonstrated with a strain overexpressing CRD1 under an inducible promoter. At
present it is difficult to interpret why the amount of total mitochondrial phospholipids was
increased in the overexpressing strain, while the distribution of the individual phospholipids
was not altered. Thus, the link between CL metabolism and the rest of the lipid biosynthetic

network in P. pastoris remains to be investigated.

Conclusion

In conclusion, this Thesis contributes to our understanding of lipid metabolism in yeast.
The design of methods for organelle isolation, lipidome and proteome analysis was a major
step forward in our knowledge of P. pastoris cellular and molecular biology. Methods
developed during this study were specifically applied to characterize microsomal
compartments at the lipid and protein levels. Moreover, this work extended our knowledge of
P. pastoris lipid biosynthesis by investigation CL synthase.

Pichia pastoris has become a very important biotechnological tool used in the industry
for the production of heterologous proteins. Thus, it is obvious that a good knowledge of cell
biological and biochemical properties of this organism is required to understand and
manipulate biotechnological processes at the molecular level. Several investigations with
Pichia organelles, their lipidome and their proteome have already been performed in our
laboratory [5-8]. These studies have demonstrated the value of these investigations, but also
the further need to study lipid metabolism and membrane biology of P. pastoris in more

detail.
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