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ABSTRACT

Abstract

Phosphatidylethanolamine (PE) is one of the most abundant phospholipids found in yeast, plant
and mammalian cells. PE can be synthesized by (i) decarboxylation from the precursor
phosphatidylserine (PS) through the action of the PS decarboxylases type | and Il, (i) re-
acylation of lyso-PE catalyzed by Ale1p and Tgl3p or (iii) the de novo biosynthesis starting from
ethanolamine via CDP-ethanolamine (CDP-Etn) or Kennedy pathway. In Saccharomyces
cerevisiae, the mitochondrial phosphatidylserine decarboxylase 1 (Psd1p) is the key enzyme as
it produces the largest amount of cellular PE.

During its biogenesis Psd1p is synthesized as a larger precursor on cytosolic ribosomes and
follows a unique processing pathway upon import into mitochondria. The transition to an active
form of the enzyme goes through an autocatalytic cleavage which separates Psd1p into an
intermembrane space localized a- and an inner membrane-bound p-subunit. The a-subunit
harbors a highly conserved motif, which was proposed to be implicated in the catalysis through
a specific interaction with phosphatidylserine (PS).

In the thesis | present a molecular analysis regarding the significance of this consensus motif in
Psd1p, making use of mutant forms bearing either deletions or point mutations in this region of
the a-subunit. The biochemical analysis performed showed that any modification in this motif
differently affects the processing and stability of Psd1p. From these observations we conclude
that the putative substrate recognition site of Psd1p a-subunit has a crucial role in assuring the
structural integrity and the correct biogenesis of Psd1p influencing, as a consequence, also the
catalytic activity of the enzyme.

Beside the work on Psd1p, my scientific interested included also some important aspects
related to the interaction between phospholipids and protein complexes in mitochondrial
membranes. It is well known that mitochondria contain a complex machinery that cathalyses the
import of precursors proteins into the mitochondrial outer membrane. Regarding the B-barrel
proteins, the outer membrane translocase (TOM complex) and the assembly machinery (SAM
complex) are responsible for their proper positioning in the mitochondria.

The phospholipids PE and cardiolipin (CL) are both required for the proper function of these
complexes. In this context our findings demostrate that also the bilayer-forming
phosphatidylcholine (PC) is required for stability and function of the SAM complex in the
biogenesis of B-barrel precursors.

Additional studies have also focused on the two protein translocases involved in the transport
of precursor proteins into or across the inner mitochondrial membrane. In this case we have
again shown that, unlike PE and CL, PC is able to interact directly with the complex TIM23. In
fact the experiments performed revealed that the lack of PC in S. cerevisiae pem1Apem2A
mutant strain, causes destabilization of the TIM23 complex without influencing the stability and
activity of the respiratory supercomplexes and consequentially impacting the membrane
potential.
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GENERAL INTRODUCTION

The work accomplished during my PhD focuses on phospholipids in mitochondria of
Saccharomyces cerevisiae.

During the last 50 years many investigations have been performed to understand the
biochemistry of mitochondria given their critical role in the generation of the metabolic
energy for the eukaryotic cells. [1-3]. More recently the interest on mitochondria has
shifted towards the study of mitochondrial dysfunctions, which include a broad range of
disorders, as well as the implication of mitochondria in processes like apoptosis and
ageing [4-8].

Mitochondria occupy up to 25% of the volume of the cytoplasm. Within these
organelles many reactions, which are fundamental for the entire cell, are occurring. For
example, sugars and long-chain fatty acids are metabolized, ATP is formed, steroids
and lipids are synthesised and the mitochondrial DNA is replicated, transcribed and
proteins are translated [1].

With respect to the whole the cell, mitochondria appear as mobile and flexible
organelles that seem to be associated with microtubules [9,10]. They create an
operative and dynamic reticulum whose steady-state morphology is regulated by
events of fission and fusion [11,12]. These mechanisms are mainly controlled by at least
three conserved GTPases called Dnm1p, Fzolp and Mgm1p in yeast, which are also
involved in the regulation of the membrane structure [12-15].

Another crucial factor, which has been the subject of many recent studies, is the
influence of the phospholipid composition of mitochondrial membranes on
mitochondrial function, structure and biogenesis [16-18]. The proper equilibrium in the
phospholipids composition of mitochondrial membranes is pivotal not only for the
mitochondrial architecture but also for the activity of protein complexes that reside in

the mitochondria [19,20].
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GENERAL INTRODUCTION

The structure of mitochondria is characterized by the presence of two
membranes that delimit four distinct compartments: the outer membrane, the
intermembrane space, the inner membrane and the matrix. The inner membrane
comprises two morphologically distinct domains: (i) the inner boundary membrane,
which is contiguous to the outer membrane, and (i) the polymorphic tubular membrane
invaginations termed cristae membrane, where specific protein complexes are
restricted in a semi enclosed area of the inner membrane [21]. These two domains are
connected to each other by tubular openings called cristae junctions [22,23]. A large
inner membrane protein complex known as Mitochondrial Contact Site (MICOS) is
important to stabilize, position and control the number of cristae junctions and organize
the inner membrane into an efficient respiratory machine [24-26]. MICOS consists of at
least six different proteins, most of which are found in yeast and animal species. In
yeast, MICOS is made up of six sub-complexes exposed to the intermembrane space
(Mic10p, Mic12p, Mic26p, Mic27p, and Micé0p) plus one peripheral inner membrane
protein called Mic19p, which controls the number and positions of the cristae junctions

that hold the folds of the inner membrane in place [25,27,28] (Fig. 1).
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GENERAL INTRODUCTION

Figure 1 The MICOS complex. MICOS is a protein complex located in the inner
mitochondrial membrane and responsible for preserving the architecture of the
mitochondrial inner membrane and secure the cristae junctions. In Saccharomyces
cerevisiae MICOS is composed by six subunits, five are integral inner membrane
proteins (Mic10, Mic12, Mic26, Mic27, and Micé0), and one is a peripheral inner
membrane protein (Mic19).

The phospholipid cardiolipin together with the respiratory chain complex of the
inner mitochondrial membrane, are interacting with MICOS and play a role in the
correct assembly of its two independent sub-complexes. This multipart interaction is
crucial for the coordinated construction of a functional and properly assembled
mitochondrial inner membrane [25,29].

The mitochondrial outer membrane consists of approximately 80% lipids and
20% proteins. The distinctive presence of pore proteins allows the free passage of ions
and small, uncharged molecules, i.e. proteins, through the membrane [1,30]. The lack
of impermeability in the outer mitochondrial membrane is the reason for the absence of
a membrane potential across the outer membrane [31]. By contrast, the inner
membrane is a tight diffusion barrier for both ions and molecules, which can cross the
membrane only via specific membrane transport proteins [32]. As a result of its ion
selectivity, an electrochemical membrane potential builds up across the inner
mitochondrial membrane [17].

Distinctively from the outer mitochondrial membrane the inner counterpart is
characterized by a protein-lipid ratio of 3:1. Several studies demonstrate that
especially in this region phospholipids and proteins share a functional association that
contributes to the stability and assembly of mitochondrial respiratory protein
complexes, in the energy production and the protein import processes. For instance

the activity of the inner membrane-associated proteins involved in the oxidative
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GENERAL INTRODUCTION

phosphorylation depends on the phospholipid composition of the membrane, and
changes in the phospholipid composition affect mitochondrial respiration [33,34].

The major phospholipids in the mitochondrial membranes are
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphatidylserine (PS), phosphatidic acid (PA), phosphatidylglycerol (PG) and
cardiolipin (CL). PC and PE are the most abundant phospholipids, comprising
respectively the 40% and 30% of total mitochondrial phospholipids, followed by Pl and
CL that are covering the 10-15% of the phospholipids component. PA and PS make up
only the 5% of the total mitochondrial phospholipids, while PG is present in trace
amounts [30] (Fig. 2). Mitochondrial membranes diverge drastically from the plasma
membrane because of its high content in cardiolipin and the very low levels of sterols
and sphingolipids that in Saccharomyces cerevisiae amount to 0.01 mg/mg protein and
0.02 mg/mg protein, respectively [30,35,36]. The phospholipid diversity in the
mitochondrial membrane is also influenced by variation in length and degree of
unsaturation of fatty acyl chain present within each class of phospholipid [37]. In the
yeast Saccharomyces cerevisiae, palmitic acid (C16:0), palmitoleic acid (C16:1), stearic
acid (C18:0) and oleic acid (C18:1) are the most recurrent fatty acids found in
phospholipids. Changes in acyl chain and head group are responsible for the variety
and the different physical properties that characterize the different membrane
phospholipids [38-41]. A general distinction is made between the cylindrical shaped
phospholipids (PC, PS and PG) and conical shaped phospholipids like PE and CL, which
are characterized by smaller head to tail area and the ablity to induce in the membrane
the formation of inverted hexagonal phase structures (Hi) [42]. PE and CL are often
referred to as non-bilayer forming lipids. Such non-bilayer forming phospholipids can
strongly modulate the membrane flexibility and the propensity to create curvatures [43].

It is no surprise that mitochondrial membranes are characterized by the presence of CL,
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GENERAL INTRODUCTION

as well as a particularly high concentration of the non-bilayer forming phospholipid PE
compared with other organelles and the plasma membrane [30]. The synthesis of CL is
a process that occurs exclusively in mitochondria [44,45]; while PE is mainly synthesized
in the mitochondria by the enzyme Psd1, and to a lower extent also in different cellular
compartments like the Golgi/vacuolar compartment, and the endoplasmic reticulum
[45-48] (Fig. 2).
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Figure 2 Biosynthesis of phospholipid in ER and mitochondria. Phospholipid
biosynthetic pathway in Saccharomyces cerevisiae. G3P, glycerol-3-phosphate; lyso-PA,
lysophosphatidic acid; Dgk1p, diacylglycerol kinase 1; Alelp, lysophospholipid
acyltransferase 1; PA, phosphatidic acid; Cds1p, CDP-diacylglicerol synthase 1;
Tam41p, translocator assembly and maintenance protein 41; CDP-DAG, CDP-
diacylglycerol;  Pgslp,  phosphatidylglycerolphosphate  synthase  1; PGP,
phosphatidylglycerolphosphate; Gep4, genetic interactors of prohibitins 4; PG,
phosphatidylglycerol; Pis1p, phosphatidylinositol synthase 1; Pl, phosphatidylinositol;
Crd1p, cardiolipin synthase; CL, cardiolipin; Cho1, phosphatidylserine synthase 1; PS,
phosphatidylserine; Psd1p, phosphatidylserine decarboxylase 1; PE,
phosphatidylethanolamine; Pem1p; phosphatidylethanolamine methyltransferase 1;
Pem2p, phosphatidylethanolamine methyltransferase 2; PC, phosphatidylcoline.

The first chapter of this thesis is a collection of the state-of-the-art developments
concerning the cell biology, physiology and enzymology of phosphatidylserine

decarboxylases (PSD) type | and II. PSDs are the major class of enzymes involved in the
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synthesis of PE, have an important role in the cellular lipid metabolism, and are spread
among different organisms ranging from bacteria to humans [45]. A large part of
Chapter 1 is concentrated on the role of mitochondrial Psd1 providing a broad
illustration of its enzymology, biogenesis and assembly into the mitochondrial inner
membrane, and also the contribution and importance of Psd1 for cellular phospholipid
homeostasis [48].

After the exhaustive description of Psd enzymes, Chapter 2 steps into the molecular
details of phosphatidylserine decarboxylases 1 from Saccharomyces cerevisiae. In
yeasts the mitochondrial enzyme Psd1p produces the largest amount of cellular PE
through decarboxylation of phosphatidylserine [49]. As the majority of mitochondrial
proteins also Psd1p is first synthesized as larger precursor on cytosolic ribosomes and
then imported into mitochondria directed by a specific mitochondrial targeting
sequence [50]. The import of Psd1p within the outer mitochondrial membrane involves
the recognition of its N-terminal mitochondrial targeting sequence by Tom70 and
Tom22, which are the two main receptors of the translocases of the outer membrane
(TOM complex). The subsequent passage of Psd1p through the inner mitochondrial
membrane requires the mitochondrial inner membrane potential (A%W), which is the only
source of energy that drives the sorting of Psdl1p into the inner mitochondrial
subcompartment. At this stage of its biogenesis, Psd1p is embedded into the inner
mitochondrial membrane via an hydrophobic sequence located in the B-subunit. The N-
terminal targeting sequence protruding into the mitochondrial matrix, is removed by
the Matrix Processing Peptidase MPP, and the further removal of an octapeptide
stretches by Octapeptidyl Aminopeptidase Octlp stabilize the mature form of the
enzyme [50]. During the biogenesis and import of Psdlp an endoproteolitic
autocatalytic process separate the precursor form of Psdlp into two separate

subunits[50] (Fig. 3).
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Figure 3 Psd1p biogenesis and import into mitochondria. (A) Psd1p precursor form is
synthesized in the cytoplasm and then recognized by the TOM complex’s receptors via
its N-terminal mitochondrial targeting signal. (B) The passage of Psd1p into the inner
mitochondrial membrane is performed via the translocase of the inner membrane (TIM
complex) driven by the mitochondrial membrane potential (AW) (C) The positioning of
Psd1p in the inner mitochondrial membrane is followed by the removal of the N-
terminal signal peptide and of a octapeptide by the matrix localized peptidases MPP
and the octapeptidyl aminopeptidase Oct1p.

The mature active form of Psd1p is anchored in the inner mitochondrial
membrane and constituted by two distinct subunits: the inner membrane-bound -
subunit and the 4 kDa small a-subunit which is located in the intermembrane space
(Fig. 3) [50]. The research described in the chapter 2 addresses an attentive analysis of
the Psd1p a-subunit, which harbors a highly conserved motif. Speculations made on

the role of this conserved amino acidic sequence portray this motif as the locus of the
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interaction between Psd1p and its substrate, PS [51]. Despite these preliminary
assumptions about the so-called putative substrate recognition sequence, this
conserved motif has never been biochemically investigated. The data shown in this
chapter highlight the importance of the conserved motif of the a-subunit for the
structural integrity, the processing and biogenesis of Psd1p, as well as for the catalytic
activity of this enzyme.

While the first part of this thesis is exclusively dedicated on PSDs enzymes and
more specifically on Psd1p from yeast, the two following chapters (chapters 3 and 4) are
exploring the direct interaction of the membrane phospholipids on the mitochondrial
machinery for protein sorting and assembly.

It is well established that the majority of the proteins that reside in the mitochondria are
initially synthesized as inactive precursors in the cytosol and then imported. At the level
of the outer mitochondrial membrane, the translocase of the outer membrane (TOM
complex) (Fig. 4), is the border line where the import process of these molecules into
the mitochondria starts. The TOM complex is composed by a central channel-like
subunit (Tom40), two main receptors (Tom20 and Tom70) and a fourth domain (Tom22)
which stabilizes the complex and acts as a central receptor mediating the transfer of
precursor proteins from Tom20 and Tom70 to the main central channel, Tom40 [52-56]
(Fig. 4). After crossing the TOM complex, the majority of precursors are translocated
into the intermembrane space, where they are transferred to other specialized protein
sorting machineries which redirect the proteins to the right submitochondrial
compartments [57,58] (Fig. 4).

The proteins characterized by a B-barrel conformation are first imported through the
TOM complex and then subsequently transferred to the outer membrane sorting and
assembly machinery (SAM complex) [59] . The main components of the SAM complex

are the essential pore-forming domain, Sam50 and two other additional peripheral
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membrane proteins, Sam35 and Sam37 [60-62]. Sam35 is crucial for initial binding of a
conserved B-signal within the last p-strand of the incoming precursor; whereas Sam37
seems to mediate the release of the substrate proteins from the SAM complex [63,64]
(Fig. 4).
In Chapter 3 it is explained how the biogenesis of B-barrel precursors is particularly
sensitive to changes of the phospholipid composition of the outer membrane. Previous
studies mainly focused on CL and PE, have shown that both phospholipids have a
major impact on the import of mitochondrial B-barrel proteins. In fact, the lack of CL
causes destabilization of TOM and SAM complexes, while depletion of PE affects p-
barrel biogenesis at the stage of transport across the TOM complex, but it does not
lead to its destabilization [65,66]. The experimental work presented in chapter 3
demonstrates that also the bilayer forming phospholipid PC plays a crucial role in
assuring stability and functionality of the TOM and SAM complexes. The importance of
PC in the biogenesis of p-barrel proteins is proved by the inability of a S. cerevisiae
pemTApem2A strain to correctly import B-barrel proteins. It is interesting to notice that
the lack of PC does not interfere with the interaction between the the precursor protein
and TOM complex, as it happens when PE is absent. This evidence suggests that the
different membrane phospholipids have different roles and are involved in different
steps of B-barrel biogenesis in mitochondria from S. cerevisiae [67].

After their first passage across the mitochondrial entry gates represented by the
TOM and SAM complex, a substantial number of proteins are sorted into the inner
membrane and the matrix [68]. The import within the inner mitochondrial membrane is
operated by two translocases of the inner membrane (TIM): TIM23 is the presequence
translocase, which transports precursor proteins with a cleavable presequence into the
inner membrane and the matrix; and TIM22 is the carrier translocase, which inserts

proteins with multiple transmembrane segments into the inner membrane [69,70] (Fig.
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3). The activity of both proteins is triggered and supported by the membrane potential
(AW) generated by the electron transfer through respiratory chain complexes. The
TIM23 complex is composed by the main translocation channel Tim23, associated with
Tim17. Three additional elements (Tim23, Tim50 and Tim21) stabilized by the subunits
Mgr2, enable the transfer of the precursor protein from the TOM complex towards
Tim23 which then releases the protein in the inner mitochondrial membrane [70]. The
eventual transport of the protein into the mitochondrial matrix is accomplished thanks
to the interaction between TIM23 and the presequence translocase-associated motor
(PAM) [71].

The precursor protein directed to the complex TIM22 are recognized by the domain
Tim54 which transfer the protein to its core structure formed by the a twin-pore Tim22.
The two extra components of TIM22 (Tim18 and Sdh3) have a role in the stability and

assembly of this complex [72] (Fig. 4).
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Figure 4 Import and sorting machinery of the outer and inner mitochondrial
membrane. The precursors of B-barrel proteins are first imported through the TOM
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complex, and then inserted into the outer membrane by the SAM complex. Proteins
directed to the inner mitochondrial membrane or to the matrix are first transfered in the
outer membrane through the TOM complex, then specific presequence are directing
them to the TIM23 complex and motor PAM. Cleavable inner membrane proteins are
laterally released from the TIM23 complex. Instead the TIM22 complex is responsible
for the insertion of carrier proteins with internal targeting signals that are recognized by
the receptor Tom70.

Chapter 4 examines the specific roles of PC on the activity of the described
protein complexes (TIM23 and TIM22) involved in the protein translocation across the
inner mitochondrial membrane (Fig. 4). PC is the most abundant phospholipid of the
mitochondrial membranes. In mutant cells of Saccharomyces cerevisiae, which are
defective in PC biosynthesis, the import of proteins precursors with a cleavable
presequence as well as carrier proteins is reduced. Different from CL and PE, whose
influence on the translocases TIM23 or TIM22 is a direct consequence of their ability to
stabilize the respiratory chain complexes, depletion of PC does not decrease either the
activity of the respiratory chain nor the membrane potential across the inner membrane
[73]. This chapter describes how the decreased PC levels differentially affect the
stability of TIM23 and TIM22 translocases. Among the two complexes, the TIM23
translocase is the most destabilized. Moreover the transfer of a preprotein in the TOM-
TIM23 supercomplex is impaired, indicating that the lack of PC disturbs the initial
binding of precursor proteins to TIM23, and in general the function of inner membrane

protein translocases of mitochondria [74].
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ABSTRACT

Phosphatidylethanolamine is one of the most abundant phospholipids whose major
amounts are formed by phosphatidylserine decarboxylases (PSD). Here we provide
a comprehensive description of different types of PSDs in the different kingdoms
of life. In eukaryotes, type | PSDs are mitochondrial enzymes, whereas other PSDs
are localized to other cellular compartments. We describe the role of mitochondrial
Psd1 proteins, their function, enzymology, biogenesis, assembly into mitochondria
and their contribution to phospholipid homeostasis in much detail. We also discuss

briefly the cellular physiology and the enzymology of Psd2.
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CHAPTER 1
CELL BIOLOGY, PHYSIOLOGY AND ENZYMOLOGY OF PHOSPHATIDYLSERINE DECARBOXYLASE

Key words: Phosphatidylethanolamine, phosphatidylserine decarboxylase, lipids,

mitochondria

Abbreviations Ale1, acyltransferase for lyso-phosphatidylethanolamine; Cho, choline;
CHO, Chinese hamster ovary cell; CL, cardiolipin; Crd1, cardiolipin synthase; Dnm1,
Dynamin-related GTPase; Eki1, ethanolamine kinase; Dpl1, sphingosine phosphate
lyase; ER, endoplasmic reticulum; Ept1, sn-1,2-diacylglycerol ethanolamine and choline
phosphotransferase; GR, Golgi retention; MIM, mitochondrial inner membrane; MOM,
mitochondrial outer membrane; MPP, Matrix Processing Peptidase; Oct1, Octapeptidyl
Aminopeptidase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; Prn, propanolamine; PS, phosphatidylserine; PSD,
phosphatidylserine decarboxylase; PA, phosphatidic acid; SAM, sorting and assembly
machinery; TIM, translocase of the inner mitochondrial membrane; TLR4, Toll-like

receptor 4; TOM, translocase of the outer mitochondrial membrane

1. INTRODUCTION

The sophisticated and highly regulated network of metabolic pathways, which
lead to the synthesis of biological membranes, has gained more and more attention
during the last decades as many biological processes were found to be membrane
associated. Phospholipids play an important role in that respect, because they are
major structural and functional components of biomembranes and play a dynamic role
in many regulatory processes [1,2]. In many cell types including yeasts, parasites, plant
cells and mammalian cells, such as Saccharomyces cerevisiae [3], Plasmodium
falciparum [4], Toxoplasma gondii [5], Arabidopsis thaliana [6,7], mouse cells [8] and

mammalian epithelial cells [9] phosphatidylcholine (PC) is the major phospholipid,
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followed by phosphatidylethanolamine (PE), phosphatidylinositol  (Pl) and
phosphatidylserine (PS).

PE is specific among the other zwitterionic phospholipids because of its strong
tendency to induce a curvature in the membranes due to its conical molecular structure
[10-12]. Characteristically, PE forms inverted hexagonal phase structures triggering high
tension within the membrane [13,14]. This effect seems to favor membrane fusion,
vesicle formation and movement of proteins across membranes. Indeed, absence or
presence of PE can influence these processes [15,16]. Especially in mitochondrial
membranes where PE occurs at high abundance [17-19] structural properties of this
phospholipid seem to play an important role for various functions. In the mitochondrial
inner membrane (MIM) the amount of PE is specifically high [20]. Compared with the
mitochondrial outer membrane (MOM), the curvature of MIM is more pronounced, the

protein content is much higher and the ratio of PE to PC is increased [21,22].

Mitochondria

CPS -CO2 PE>
T ThsdiT

Endomemb

Lyso-PE Sphingosine-1-P

[
CMP PS Etn/Cho '@ lupu
Ser\m}/ o PE <= cDP-Etn<"ptd-Etn <= Etn
CDP-DAG  PE/PC kSAM

Saccharomyces Mammalian
cerevisiae CPT1 PCTH, CKI

PC <—CDP-Cho<—Ptd-Cho<—Cho

Endoplasmic reticulum
Figure 1: Overview of pathways of aminoglycerophospholipid biosynthesis In the

yeast Saccharomyces cerevisiae phosphatidylserine (PS) is formed by the PS synthase
from CDP-diacylglycerol (CDP-DAG) in the endoplasmic reticulum (ER). In mammalian
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cells the synthesis of PS occurs via a base-exchange mechanism, where starting from PE
or PC phosphatidylserine synthase 1 (Pss1) and 2 (Pss2) exchange ethanolamine or
choline for serine. In either case the newly synthesized PS is transported to
mitochondria where it can be decarboxylated by phosphatidylserine decarboxylase
type | (Psd1) to form Phosphatidylethanolamine (PE). Minor amounts of PE are formed
outside the mitochondria by phosphatidylserine decarboxylase type Il (Psd2 and Psd3).
PE can also be formed in the ER via the CDP-ethanolamine branch of the Kennedy
pathway. Starting from ethanolamine (Etn) the enzyme ethanolamine kinase (Eki1)
catalyzes phosphorylation of ethanolamine to ethanolaminephosphate (Ptd-Etn) which
is further converted to CDP-ethanolamine (CDP-Etn) by ethanolamine-phosphate
cytidylyltransferase (Ect1). The final synthesis of PE is catalyzed by the highly specific
enzyme ethanolamine phosphotransferase 1 (Ept1). The Kennedy pathway is linked to
sphingolipid catabolism through a reaction catalyzed by dihydrosphingosine-phosphate
lyase (Dpl1). This enzyme cleaves phosphorylated sphingosid base to long chain
aldehyde and ethanolaminephosphate (Etn-P). An alternative pathway for PE synthesis
is the acylation of lyso-PE catalyzed by the enzyme lyso-PE acyltransferase (Ale1),
localized in the mitochondria associated ER (MAM). PE can be further converted to
phosphatidylcholine (PC) by phosphatidylethanolamine methyltransferases. Besides the
methylation pathway, PC is also formed from choline (Cho) via the CDP-choline branch
of the Kennedy pathway. The first step is catalyzed by choline kinase (Cki1) which
phosphorylates choline to choline-phosphate (Ptd-Cho). Ptd-Cho is the substrate of
choline-phosphate cytidylyltransferase (Pct1) which produces CDP-choline (CDP-Cho).
The final step in the CDP-choline route leading to phosphatidylcholine (PC) is catalyzed
by cholinephosphotransferase 1(Cpt1). Ser, serine; SAM S-adenosyl methionine.

In eukaryotes, PE can be synthesized via two different major pathways. First, PS
can be decarboxylated by phosphatidylserine decarboxylases (PSD); and secondly
diacylglycerol can be converted to PE in a reaction with CDP-ethanolamine involved
[3,23]. Fig. 1 shows the main routes for the formation of PE and PC. The majority of PE
is formed in the mitochondria via decarboxylation of PS, catalyzed by PSD type I. Minor
amounts of PE are formed in the extramitochondrial space by other types of PSDs. PC
and PE are also formed in the ER via methylation of PE and the CDP-

ethanolamine/CDP-choline pathway (Kennedy pathway), respectively.
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In this review article we will describe PSD enzymes and specifically focus on
eukaryotic mitochondrial Psd1 proteins. We will provide recent evidence about
structural and functional properties of these enzymes from different cellular sources and
discuss the pivotal role of PSDs in the lipid metabolic pathways as the major producer
of PE [24,25]. The importance of PE as mitochondrial and cellular phospholipid will be
discussed. Furthermore, we will provide examples for the influence of this phospholipid
on various cellular processes. For more information on this topic the reader is referred

to other review articles [26-28].

2. PHOSPHATIDYLSERINE DECARBOXYLASES FROM BACTERIA TO HUMANS

PSDs are the major enzymes of PE synthesis in most types of cells, and they play
a central role in phospholipid metabolism from bacteria to humans. Their evolutionary
conservation suggests that these enzymes fulfill a central role in lipid metabolism and
membrane biogenesis [29]. The similarity of bacterial and mitochondrial PSDs may be
explained by the endosymbiotic theory. The import of PS, which is the substrate of
PSDs, from the extramitochondrial space to mitochondria as well the supply of PE to
the whole cell may also be part of this view [30].

Many cell types contain two types of PSDs, namely type | and type Il. The two
PSDs can be distinguished by their specific structure, sequence and subcellular
localization. Analysis of Psd1 enzymes from different organisms belonging to various
species and phyla shows that it is possible to characterize some identity clusters along
the sequence with highly conserved and/or similar amino acids. In an overall identity of
3.93 % with 26 identical and 21 similar residues for Psd1s among the organism
considered can be seen. The same sequence similarity check has been performed for

Psd2 proteins. In this case the sequence of 8 different PSD type Il enzymes has been

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 32



CHAPTER 1
CELL BIOLOGY, PHYSIOLOGY AND ENZYMOLOGY OF PHOSPHATIDYLSERINE DECARBOXYLASE

aligned and compared, showing an identity of 1.308 % for 22 identical and 29 similar
positions. Unlike Psd1, the sequence alignment computed for Psd2 proteins displays an
identity cluster concentrated only at the carboxy terminus of the protein sequence. For
both enzyme types the site of major identity is at the autocatalytic cleavage motif
(Figure 3). To explain the evolutionary relationship of Psd1 and Psd2 enzymes, a
phylogenetic three was constructed using PSD Type | and Il sequences of the different
organisms. The reconstruction of the evolution and the ancestral interconnection of the
enzymes shows that the PSD type | and Il have a common ancestor but they were

separated very early in the evolutionary scale.
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Figure 2 Sequence alignment and phylogenetic tree of PSDs in different organisms
(A) Psd1 sequences alignment of the following selected organism is shown:
Saccharomyces cerevisiae (YEAST), Schizosaccharomyces pombe (SCHPO), Pichia
pastoris (PICPG), Vibrio cholerae (VIBCL), Escherichia coli (ECOBW), Bacillus subtilis
(BACSU), Plasmodium falciparum (PLAFA), Plasmodium knowlesi (PLAKH), Toxoplasma
gondii (TOXGG), Arabidopsis thaliana (ARATH), Caenorhabditis elegans (CEEL), Mus
musculus (MOUSE), Homo sapiens (HUMAN) and Archaea Methanococcoides burtonii
(METBU). Proteins analyzed have an overall identity of 3.93 % with 26 identical and 21
similar amino acids. Archaetidylserine decarboxylase (ADS) from M. burtonii shares 12
identical and 8 similar positions with Psd1 sequences of the rest of the organisms
analyzed. (B) Sequence alignment of Psd2 and Psd3 proteins from the organisms
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Arabidopsis thaliana,
Toxoplasma gondii, Candida albicans and Pichia pastoris. Psd2 enzymes considered
have an identity of 1.31 % with 22 identical positions and 29 similar positions. (C) The
phylogenetic tree created by using the Clustal Omega software [34] shows the
evolutionary relationships and proximity of Psd1 and the Psd2 proteins.

A very interesting case it the one regarding the Archaea domain. Experiments
performed by Nishihara et al. [31] suggested that archaetidylethanolamine (AE), the
equivalent of PE in Archaea, is generated through a pathway similar to that found in
other organisms. An extensive comparative study, between archaeal and bacterial
genomes, of the enzymes involved in the synthesis of polar lipids, revealed the
existence of the genes or ORFs for phosphatidylserine synthase (PSS) then called
Archaetidylserine synthase (ASS) and Phosphatidylserine decarboxylase (PSD) identified
as Archaetidylserine decarboxylase (ASD) [32,33]. From Fig. 2 A it is possible to observe
that ASD share 12 identical and 8 similar positions with the other Psd1 protein
sequence analyzed and most of them are concentrated at the level of the GS(S/T) motif.
In fact, it is important to notice that also the Archaetidylserine decarboxylase is
subjected to autocatalytic cleavage into a- and B-subunit.

Bacteria are the only cells that are not able to synthesize PE in a PSD

independent reaction. The bacterial Psd1 which is associated with the cytoplasmic
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membrane [35,36] is closely related to type | PSDs from eukaryotic cells. In fact PSDs
from E. coli and B. subtilis exhibit close sequence similarity to mitochondrial PSDs. The
PSD enzyme from E. coli encodes for a polypeptide with 322 amino acids (35.9 kDa),
and the PSD from B. subtilis for a protein with 263 amino acids (29.7 kDa) [35]. The PSD
sequence from B. subtilis shares 27 % identity with PSDs from E. coli and CHO cells,
and 29 % with S. cerevisiae Psd1 [32,37,38]. PSD from Vibrio cholera, a gram-negative
bacterium well known for his virulence, is essential for bacterial viability. V. cholera PSD
displays 31.7 % sequence identity with PSD from mouse and 60 % sequence identity
with E. coli PSD [39].

Much of the research aimed at the understanding of the molecular biology of
eukaryotic PSDs has been performed with yeast cells and more recently with parasites.
The advantage of these unicellular organisms is their ease of genetic manipulation and
biochemical handling. In S. cerevisiae two PSDs were identified, the mitochondrial Psd1
and the extramitochondrial Psd2 protein [25,40,41]. The more potent PSD of type | is
localized to mitochondria and synthesizes the majority of PE under standard conditions.
Like PSDs from other cell types, the yeast Psd1 consists of an a- and a B-subunit [42]
(Figure 3). The B-subunit is the anchor fixing the protein in the MIM by one or more
membrane spanning domains with a hydrophilic part that protrudes into the
intermembrane space. Horvath et al. [17] showed that correct localization of Psd1 in the
mitochondrial membrane of S. cerevisiae is crucial for the in vivo function of Psd1 and
for achieving full enzymatic activity. As for other PSDs, the LGST motif of the yeast Psd1
is essential for correct cleavage and formation of the a- and B-subunit. Interaction of a-
and B-subunit leads to the formation of the active site of the enzyme. Deletion of PSD1
results in PE depletion in mitochondria and in other cellular membranes, but growth is

not affected when cells are grown in liquid and solid glucose medium at 30°C [19,43].
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At 37°C the psd1A strain shows minimal growth without ethanolamine or choline
supplementation, but supplementation with ethanolamine or choline can restore wild-
type growth [14]. When non-fermentable carbon sources such as lactate are used as a
carbon source, mitochondrial functions, especially respiration become more stringent

and ethanolamine must be supplemented to rescue cell survival (see Figure 1).
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Figure 3: Sequence and position of important sites of yeast Psd1 and Psd2
Comparison of Psd1 and Psd2 from Saccharomyces cerevisiae shows 6.8 % identity with
87 identical and 139 similar amino acid positions. The highest sequence identity is
found at the C terminus and specifically at the cleavage site of the two subunits, the
LGST motif in Psd1 and at the GGST sequence in Psd2. Further functional domains
identified in Psd1 are the mitochondrial targeting sequence (MT) and the
transmembrane domain (IM1) which anchors the B-subunit of Psd1 to the MIM. In Psd2
the EMS sequence corresponds to the endomembrane system targeting domain while
C2 1 and C2 2 are characteristic functional domains of Psd2 which are possibly involved
in the binding of PS.
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The extramitochondrial counterpart of the yeast Psd1 was named Psd2 and has
been first localized to a Golgi/vacuolar compartment [20,40]. More recently, the
enzymatic activity of Psd2p was rather attributed to endosomes [44,45]. Both Psd1 and
Psd2 are synthesized as inactive proenzymes, but despite the fact that they catalyze the
same reaction of PS decarboxylation, the primary structures exhibit low identity [40].
The yeast Psd1 protein shows more homology to the mammalian PSD than to Psd?2
[46], and only the site of the self-maturation process exhibits highest homology
between Psd1 and Psd2. The last 238 carboxyl terminal amino acid residues of Psd1
have 19 % identity with Psd2. Instead of the LGST motif Psd2 contains a GGST motif
which is exactly the site where the reaction of autocatalytic cleavage into a- and -
subunit of the enzyme occurs [41] (see Figure 3). Besides the GGST site for the
endoproteolytic cleavage, Psd2 has other relevant domains that are important for
function and localization of the enzyme. A potential Golgi targeting/retention sequence
(EFDIYNEDEREDSDFQSK) has been detected from amino acid residue 435 to 453 in
the N-terminal part of Psd2, but has not yet been confirmed as such [41,47]. Another
specific domain that characterizes and distinguishes Psd2 from Psd1 is a C2 domain
from amino acid 534 to 577. Many speculations were made about the functional
relevance of this domain. As the first C2 domain described in the literature [48] for the
protein kinase C family was found to be responsible for Ca?* binding and regulation,
the same role was hypothesized for Psd2. However, this assumption has been
challenged as the yeast Psd2 is not regulated by Ca?* [49].

In the yeast Pichia pastoris two PSDs have been identified [50]. Deletion of the
PSD1 gene resulted in decreased mitochondrial PSD activity to 25% of wild type and in
ethanolamine auxotrophy. Presence of ethanolamine in the medium supported the

CDP-ethanolamine pathway and compensated for the loss of PSD activity. As in S.
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cerevisiae, deletion of PSD2 had only a minor effect on the total cellular PSD activity.
Strains deleted of PSD2 grew like wild type and did not require ethanolamine as a
supplement. These results indicated that Psd2 alone was not able to compensate for
the loss of the major PE synthesizing enzyme in P. pastoris, the Psd1. Surprisingly a P.
pastoris Apsd1Apsd2 mutant has never been described. The reason may be that this
double mutation may be lethal and too stringent. The strong requirement for PE in the
strictly aerobic P. pastoris cell may not allow such a rigorous depletion of PE.

Schizosaccharomyces pombe, a fission yeast, contains three genes with high
sequence similarity to the PSDs from S. cerevisiae [51,52]. Although these three PSDs
from S. pombe named Psd1, Psd2 and Psd3 fulfill overlapping functions, they are not
completely redundant. Regarding the localization of these enzymes, Psd1 has been
detected in mitochondria [52,53], whereas Psd2 was dually localized to mitochondria
and to the nuclear envelope. Psd3 has been reported to be localized to the cytosol. In
dividing cells it seems to be shifted to the cell periphery to the site of septum
formation. Psd1 of S. pombe shows high homology to the Psd1 from S. cerevisiae, even
though it is most similar in structure to the mammalian PSD. Psd3 from S. pombe is
structurally comparable to the S. cerevisiae Psd2. The two enzymes share sequence
homology in the predicted protein kinase C conserved region 2 (C2) Ca?*-binding
domain. The C2 domains of Psd3 from S. pombe and Psd2 from S. cerevisiae have
been shown to bind Ca?* as they contain all four amino acid residues that constitute the
conserved metal binding pocket [54].

In the past many studies about PSDs focused on the discovery of pathways for
PE synthesis. More recently, attention was shifted to the understanding of possible
applications to PSD enzymes from parasites. An example for such investigations are

studies with the parasitic protozoan Trypanosoma brucei [55]. In this study, a PSD
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enzyme has been detected as a target for the development of new antimicrobial
substances and for the development of strategies aimed at the containment and
eradication of parasitic infections [4]. There are still controversial opinions about PSDs
in T. brucei. In fact the majority of the studies assessed that the Kennedy pathway, also
known as de novo synthesis of PE and PC, is the major cellular source of PE in T. brucei
[56]. Studies performed by Signorell et al. [55] showed that in the T. brucei procyclic
form, the RNAi-mediated knock-down of ethanolamine-phosphate cytidylyltransferase
(ET), which is part of the Kennedy pathway for PE synthesis (see Figure 1), severely
alters the mitochondrial morphology. On the other hand, in T. brucei gambiense the
presence of a putative PSD was confirmed to be relevant for the survival of the parasite
in the bloodstream [57]. Assessment of sequence similarities of T. brucei gambiense
PSD with other PSDs enzymes showed that the PSD from this ancient eukaryote is more
related to the eukaryotic PSD2 than to PSD1.

Plasmodium falciparum is a protozoan parasite that causes malaria in humans
[58]. PSD from Plasmodium falciparum (PfPSD) has been tested using yeast cells as a
host to perform an accurate screening for many substances with a possible anti-parasitic
action. As a result, the 7-chloro-N-(4-ethoxyphenyl)-4-quinolinamine was identified as
an effective inhibitor against P. falciparum. Subsequently a newly synthesized analog of
this compound was tested against the mouse pathogen Plasmodium yoelii, and shown
to be effective in infected mice by blocking the Psd1 activity and interfering with
membrane biogenesis of the parasite [59]. In subsequent studies, the PSD from the
parasite Plasmodium knowlesi was identified [60]. This protein can be distinguished
from other eukaryotic PSDs because of its peculiarity to be expressed in a soluble and
membrane associated form, both undergoing the classical auto-endoproteolytic

maturation occurring in all PSDs.
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Recent findings provided detailed evidence about the influence of PSDs in the
infectiousness of Toxoplasma gondii. T. gondii is an obligate intracellular parasite and
especially dangerous for immunosuppressed patients [61]. Studies of cellular lipid
metabolism highlighted that the parasite is able to secrete a soluble form of PSD
(TgPSD1) that normally resides in dense granules [62]. T. gondii elicits PS exposure on
the surface of infected mammalian cells, which mimics a situation typical of apoptotic
cells. This strategy is considered to be an evasion mechanism of parasites, also known
as apoptotic mimicry. The fact that TgPSD1 is soluble, secreted and active on the
surface of the parasite means that T. gondii is able to modulate the amount of PS
exposed and creates a PS*/ PS- population. This heterogeneity has been proved to be
successful for the infection and important to keep the inflammation and the parasite
growth balanced. Secretion of TgPSD1 in T. gondii depends on temperature, ATP and
Ca*" concentration [62]. In fact, incubating T. gondii at a temperature of 0°C inhibited
TgPSD1 secretion by 90%. Depletion of ATP reduced the secretion of PSD by 92 % and
exposure to the Ca™ chelator BAPTA-AM by 50 %. The transgenic parasite
overexpressing TgPSD1-HA had 10-fold more PSD activity in homogenates than its
parental strain. Besides TgPSD1, T. gondiii is also able to synthesize PE in mitochondria
via type | PSD (TgPSD1mt), which supplies the cell with PE necessary for regular cellular
functions [5]. TgPSD1mt can functionally complement a psd1Apsd2A yeast mutant and
is required for optimal growth and replication of T. gondii, but dispensable for the
parasite survival [40]. The mitochondrial targeting peptide in TgPSD1mt is not required
for the catalytic activity of PSD [5]. Furthermore, beside these two PSDs, the parasite T.
gondii is also able to generate PE in the ER from CDP-ethanolamine and diacylglycerol.

In plants, three types of PSDs were identified. Psd1, which is localized to

mitochondria, exhibits substantial sequence similarity with the equivalent from other
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cell types (see Figure 2). However, Lycopersicon esculentum, Arabidopsis thaliana,
Solanum tuberosum and other plants can synthesize PE not only by mitochondrial but
also by extramitochondrial PSDs [6,63]. A tomato protein named LePSD1 with a size of
50 kDa [63] was identified which was homologous to the mitochondrial PSDs from yeast
and Chinese hamster and showed 37 % identity. LePSD1 had also 63 % identity with
PSD from Arabidopsis thaliana (AtPSD1) showing divergence mostly in the N-terminal
region, which is the region containing the mitochondrial targeting sequence. In contrast
to other organisms, the model plant Arabidopsis thaliana harbors two additional
isoforms of type Il PSDs, Psd2 and Psd3 [6,63]. Psd2 and Psd3 from A. thaliana show 76
% sequence identity to the yeast Psd1. These proteins are therefore more related to
this enzyme than to mitochondrial Psd1 from plants and other organisms. Fluorescent
measurements showed that Psd2 and Psd3 from A. thaliana were localized to the
endomembrane fraction or to the tonoplast and the ER. The mitochondrial Psd1 from
A. thaliana showed highest expression in flowers, but was also located to roots and at
low amounts in stems and leaves of the plant. Psd3 is also located to roots, stems,
leaves and flowers, but present at very low amounts in siliques.

Surprisingly little evidence has been presented for mammalian PSDs. Only one
mitochondrial form of PSD named Pisd was identified [64,65] which was attributed to
the outer surface of the MIM. Deletion of Pisd is lethal for mice embryos after 8 to 10
days of development, and many of the mitochondria observed in these deceased
embryos appear deformed [66]. Recent research in this field described an interesting
relation between PE synthesis, PSD activity and degenerative diseases like Alzheimer,
Parkinson and non-alcoholic liver disease [67]. It has been described that mammalian
development strictly depends on the supply of PE via CDP-ethanolamine and PSD

pathways, and that lack of mitochondrial PE dramatically alters mitochondrial
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morphology [66]. In PSB-2 cells (CHO cells which require exogenous PS for cell growth
with a chronically reduced synthesis of mitochondrial PE) a moderate depletion of
mitochondrial PE impairs cell growth together with mitochondrial morphology and
function [68]. A PSS | and PSS Il defective PSB-2 mutant was compromised in growth
without phospholipid supplementation [69]. Addition of exogenous PS, but not of
exogenous PE suppressed the growth defect of the PSB-2 mutant.

Correlated studies performed with the yeast and the worm models led to the
conclusion that PE is a component affecting Parkinson disease. In Caenorhabditis
elegans it was shown that a drop of the PE level was followed by an alteration in the
homeostasis of the Parkinson disease-associated protein a-synuclein (a-syn) [70]. In a S.
cerevisiae psd1A mutant expressing a-syn leads to accumulation of a-syn and to the
formation of a-syn foci. These results led to the hypothesis that reduction in PE caused
formation of a-syn aggregates which accumulate in cells and trigger ER stress.
Supplementation with ethanolamine was sufficient to restore ER functionality together
with decreased a-syn foci formation. The same situation occurred in C. elegans where
ethanolamine supplementation was sufficient to recover the activity of dopaminergic
neurons that were under degeneration after RNAi depletion of PSD. The loss of PE
homeostasis in biological membranes seems to be one of the reasons for
neurodegeneration, and in this context the role of PSD in PE synthesis seems to be

predominant [71].
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3. PHYSIOLOGICAL ROLE OF PHOSPHATIDYLSERINE DECARBOXYLASES

The best strategy to understand the physiological role of PSDs is to analyze the
effects in cells that are deleted of the respective genes. Such experiments can be
effectively performed using microbial cells, because of the well-known ease of genetic
manipulation.

In E. coli overexpression of PSD does not significantly alter the lipid composition
of the cells [72]. In contrast depletion of PE due to mutation or deletion of PSD caused
severe developmental defects. A conditionally lethal E. coli mutant with a temperature-
sensitive mutation in the PSD gene appears to have a filamentous phenotype which is
accompanied by PS accumulation and loss of viability [73,74]. In the absence of PE E.
coli requires divalent cations to rescue growth [75,76]. In E. coli, PE can be replaced by
glycolipids which restore certain functional properties of membranes [77]. For the
Gram-positive bacterium B. subtilis PE is not essential for cell survival, and absence of
PSD causes just an accumulation of PS [32]. A mutant of the Gram-negative nitrogen-
fixing bacterium Sinorhizobium meliloti, which is deficient in PSD activity is unable to
form PE and also accumulates PS.

A comparison of PE-deficient mutants of S. meliloti lacking either
phosphatidylserine synthase (PSS) or PSD, respectively, showed that they grew like wild
type on many complex media, but they exhibited a dosage dependent growth on
phosphate [78]. They were unable to grow on minimal medium containing high
phosphate concentrations, but the PSD deficient mutant could be cultivated on minimal
medium containing low amounts of phosphate. Addition of choline to the minimal
medium rescued growth of the PSS deficient mutant to some extent, but inhibited

growth of the PSD deficient mutant.
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With the yeast it has been demonstrated that depletion of PE in mitochondria
leads to dysfunctions of respiration, defects in the assembly of mitochondrial protein
complexes and loss of mtDNA [14,79]. However, a psd1A deletion mutant of S.
cerevisiae grows like wild type on glucose media, but is unable to be cultivated on non-
fermentable carbon sources such as lactate or ethanol without supplementation of
ethanolamine, choline or serine [80]. The mitochondrial PE content in a psd1A yeast
strain grown on lactate is decreased by 74 % of wild type [19], and over 90 % in a
psd1Apsd2A double mutant which is auxotrophic for ethanolamine or choline on both
glucose and lactate [19,41,50,81].

A study from Storey et al. [14] shows that incorporation of the ethanolamine
analogue propanolamine (Prn) into phosphatidylpropanolamine (PPrn) in psd1Apsd2A
and psd1Apsd2Adpl1A yeast cells has different effects. This finding is due to the fact
that a psdTApsdZ2Adpl1A can only grow in the presence of ethanolamine, while a
psd1Apsd2A which produces low levels of PE from a branch of sphingolipid breakdown
can be rescued by ethanolamine or propanolamine. In fact psd1Apsd2A cells
supplemented with 2 mM propanolamine accumulate PPrn to an extent that can
constitute 40% of the total phospholipid content. PPrn is structurally related to PE and
like PE it is also capable of forming hexagonal phases. The inability of PPrn to replace
ethanolamine in a psd1Apsd2Adpl1A strain may be due to the low propensity of PP
to form bilayer phases or by an essential role played by PE in cells that is independent
of the physical properties of this lipid.

Most of the PE formed by Psd1 remains in the MIM of wild type mitochondria
from S. cerevisiae [82]. To investigate the effect of PSD1 deletion on genome wide
modifications in S. cerevisiae cDNA microarray analysis was performed [83]. Up-

regulation of 54 genes was observed in a psdTA mutant, but significant down-
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regulation of genes was not found [83]. Many of the up-regulated genes were related
to transport, carbohydrate metabolism, generation of precursor metabolites and
energy, and response to stress. Eighteen ORFs were related to catalytic enzyme
activities like hydrolase, transferase, oxidoreductase, phosphatase and isomerase
activities. Surprisingly, however, genes encoding for enzymes of the other three PE
producing pathways such as PSD2, ALE1, EKI1, EPT1 and DPL1 were not up-regulated.
In S. cerevisiae addition of inositol and choline represses several genes involved in PI,
PS, and PC synthesis [84]. Also the activity of the PSD1 gene from yeast is repressed by
50-70 % by inositol in combination with choline [72]. It has been shown that OPI1
controls this repression process [72,84].

Deletion of PSD1 in yeast cells does not affect the mitochondrial morphology,
but results in a changed mitochondrial phospholipid composition when cells are
cultivated in rich medium containing lactate [85]. Exogenous ethanolamine does not
significantly increase the mitochondrial PE content, indicating that PE is not efficiently
transported to mitochondria [19]. Mitochondrial PE is required for efficient
mitochondrial bioenergetics whereas cellular PE seems to be important for general cell
growth. When a psd71A deletion strain is supplemented with ethanolamine, growth is
partially rescued as extramitochondrial PE is increased and formed by the Kennedy
pathway, but the oxidative phosphorylation or defects of mitochondrial ATP formation
caused by the psd 1A mutation could not be restored [85].

An unanticipated membrane property demonstrated with the yeast is the role of
PE and cardiolipin (CL) in mitochondrial and cellular function. It was shown that both
phospholipids can compensate for each other at least to some extent. Mitochondrial
membranes have a unique phospholipid composition, and the two non-bilayer forming

phospholipids CL and PE seem to play a crucial role in preserving the correct
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mitochondrial morphology [86-90]. CL is a dimeric glycerophospholipid that is
exclusively synthesized in mitochondria where it is involved in the processes of
oxidative phosphorylation, regulation of apoptosis [86,91] and in mitochondrial
biogenesis through regulation of protein import into this organelle [5,6,54]. CL also
seems to be strictly associated with the fusion of mitochondria [92]. Formation of CL in
S. cerevisiae is catalyzed by the mitochondrial cardiolipin synthase Crd1 [50,79,93], but
cells lacking CRD1 do not bear major defects in mitochondrial functionality. This effect
is mainly due to the compensation by PE synthesized by Psd1 [90]. A crd1Apsd1A
double mutation lacking both PE and CL is lethal [78,94]. In contrast other pathways of
PE synthesis bearing deletions in the Psd2 and Dpl1 (sphingolipid breakdown) routes
did not result in synthetic lethality with CRD1 [78] indicating the specific role of
mitochondrially synthesized PE by Psd1 [6,14].

Mitochondrial morphology is regulated by the antagonistic mechanisms of fusion
and fission. In S. cerevisiae the three proteins regulating mitochondrial fusion are Fzo1,
Mgm1 and Ugo1 while the ones responsible for the regulation of the fission process are
Dnm1, Fis1 and Mdv1. To demonstrate the role of CL and PE in the mitochondrial
fusion process, a crdTApsd1A conditional mutant was created [95]. This strain
expressed the CRD1 gene on a plasmid under control of the TETore promoter. In the
presence of tetracycline the strain lacks both PE and CL which led to the appearance of
highly fragmented mitochondria, accompanied by the loss of mitochondrial DNA and a
reduced membrane potential. To understand whether mitochondrial fragmentation was
result of an increased fission or decreased fusion further experiments using the
conditional mutant crd1Apsd1Adnm1A were performed. In this strain the tubular
mitochondrial morphology was restored because the fission-regulating gene DNM1 is

deleted. In all the experiments performed, the crd1Apsd1Adnm1A cells exhibited a
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fusion defect due to loss of CRD1 and PSD1 indicating that the mitochondrial
fragmentation observed in crdTApsd1A cells is result of defective fusion and not due to
increased fission.

It was also shown that Fmp30 from S. cerevisiae, a MIM protein, is involved in
the maintenance of mitochondrial morphology and required for the accumulation of CL
in the absence of mitochondrial PE synthesis. FMP30 encodes a yeast homologue of
the mammalian N-acylPE-specific phospholipase D (NAPE-PLD). It was found that a
large population of fmp30A, psd1A and fmp30Apsd1A cells exhibits abnormal
mitochondria [86]. In a mutant strain lacking PSD1, deletion of FMP30 results in a
synthetic growth defect accompanied by defects in mitochondrial morphology.
Although fmp30A cells grew normally and exhibited a slightly decreased CL level,
fmp30Apsd1A cells exhibited a severe growth defect and a 20-fold reduction of the CL
level compared to wild type [6]. Mitochondria from fmp30A cells were fragmented (22
%) and 56 % harbored aggregates of fragmented mitochondria, but still 5 % of psd1A
cells and 21 % of fmp30A cells had normal tubular mitochondria. In cells of the
fmp30Apsd1A strain, mitochondria with normal structure were not observed, and 84 %
of fmp30Apsd1A cells contained aggregates of fragmented mitochondria [86]. Thus,
both Psd1 and Fmp30 are involved in the maintenance of mitochondrial morphology,
and the combined loss of the two genes results in a severe morphological defect of
mitochondria.

Recent studies demonstrated the fundamental role of CL and PE in maintaining
the proper functionality of mitochondrial protein complexes. An example is the
translocase of the outer membrane (TOM complex) whose activity of B-barrel protein
transport is markedly reduced in the absence of PE and CL [88]. Furthermore, CL but

not PE is very important for the stability of the sorting and assembly machinery known
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as SAM. Fully functional TOM and SAM complexes are necessary for the correct
biogenesis and assembly of B-barrel and some a-helical proteins of the MOM. Indeed,
it has been observed that psd1A mitochondria have an impaired biogenesis of B-barrel
proteins, while the biogenesis of a-helical MOM proteins was not influenced. The key
role of PE in the functionality of the TOM complex is stabilization at the early stage of
protein import which involves docking and translocation of the precursor protein
through the TOM complex. In mitochondria from psd7A strains the TOM complex binds
precursor proteins with reduced efficiency. Lack of CL, on the other hand, causes
destabilization of TOM and SAM complexes which determines a drastically reduced
affinity of both translocases towards the precursor proteins [94]. Furthermore, strains of
S. cerevisiae which lack genes for the synthesis of PE and CL undergo a reduction of
the membrane potential. This phenomenon is associated with the difficulty for these
mutants to import the B-subunit of Fi/Fo ATP synthase into the MIM, thus correlating
the presence of PE in the MIM with the establishment of the membrane potential [18].

Another major consequence related with the abundance of PE is the regulation
of autophagy [85,96,97]. In yeast and mammalian cell cultures, the reduction of
intracellular PE was shown to associate with augmented chronological cell ageing. After
inducing the synthesis of extra PE by providing ethanolamine or by overexpression of
PSD1, an increment of autophagy and a longer life expectancy was noticed.

Gulshan et al. [42] provided evidence for the bifunctional nature of yeast Psd1 in
multidrug resistance in S. cerevisiae. In particular these authors studied Pdr3 dependent
retrograde regulation of PDR5 expression. Pdr3 is a zinc cluster-containing transcription
factor, and Pdr5 acts as a phospholipid floppase catalyzing the net outward movement
of PE. Overproduction of PSD1 induced PDRS transcription and drug resistance in a

Pdr3-dependent manner, whereas loss of the PSD1 gene prevented activation of PDR5
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expression. Surprisingly, expression of a catalytically inactive form of Psd1 still
supported PDRS5 transcriptional activation, suggesting that PE levels were not the signal
triggering PDRS induction. The authors argued that Psd1 has a double role and it is
required both for PE biosynthesis and regulation of multidrug resistance.

Gulshan et al. [45] also showed that compartment-specific formation of PE is
required for heavy metal resistance in S. cerevisiae. The authors demonstrated
localization of Psd2 to the endosome, where the enzyme specifically controls the
vacuolar membrane phospholipid composition without changing total cellular amounts
of PE. Deletion of PSD2 caused sensitivity to cadmium even though Psd1 remained
intact. This cadmium sensitivity was attributed to the loss of activity of a vacuolar ATP
binding cassette transporter protein called Ycf1. The presence of the Pl transfer protein
Pdr17 was shown to form a complex with Psd2 and to be required for Psd2 function
and normal cadmium tolerance. Disturbance of this regulation of intracellular
phospholipid balance led to selective loss of membrane protein function in the vacuole.

Muthukumar et al. [98] observed that exposure of yeast cells to cadmium
resulted in a noticeable increase of the major phospholipids, especially of PE. In a yeast
psd2A deletion strains exposed to cadmium, amounts of all phospholipids including PE
were decreased. Phospholipid fluctuation resulted in a strong influence of cadmium on
the ER. In wild type cells, cadmium treatment increased ER stress, which stimulated
autophagy. In psdZ2A, however, the same level of stress in the ER was not accompanied
by the autophagic process. Autophagy was only restored by overexpression of PSD2
but not by supplementation with ethanolamine.

Brown et al. [94] identified Vid22 as a plasma membrane protein required for the
fructose-1,6-bisphosphatase degradation pathway. Miyata et al. [99] demonstrated that

a S. cerevisiae psd1A mutant strain which was also lacking Vid22 was synthetically
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lethal. The catalytic activity of PSD in the cell extract of vid22A strains was about 70 %
of wild type similar to that of psd2A cells. Furthermore, vid22A cells were shown to be
defective in the expression of PSD2. This evidence suggested that Vid22 affects the
function of PSD2 and acts as a factor required for transcriptional activation of the PSD2
gene.

In Pichia pastoris deletion of the PSD1 gene resulted in a decrease of
mitochondrial PSD activity to 25 % of wild type and a severe growth defect on minimal
media [50]. The presence of Psd2 was not sufficient to rescue this growth defect, but
supplementation with ethanolamine, which is the substrate of the CDP-ethanolamine
pathway, was required. As in S. cerevisiae, deletion of PSD2 had only a minor effect on
the total cellular PSD activity.

Schizosaccharomyces pombe mutants carrying deletions in all three PSD genes
(psd1Apsd2Apsd3A mutants) grow slowly on rich medium and are not viable on minimal
medium, indicating that PSD1, PSD2 and PSD3 share overlapping essential cellular
functions [54]. Supplementation of growth media with ethanolamine restored growth of
psd1Apsd2Apsd3A cells in minimal medium, indicating that PE is essential for S.
pombe. As psd1Apsd2Apsd3A cells supplemented with ethanolamine produce lower
amounts of PE than wild type the CDP-ethanolamine pathway can only partially
compensate for the loss of PSDs. S. pombe psd1Apsd2Apsd3A mutants showed
abnormally shaped cells and exhibited severe septation defects including multiple,
mispositioned, deformed, and misoriented septa [54] whereas psdT1Apsd2Apsd3A
mutants cells supplemented with ethanolamine showed the same membrane
morphology as wild type cells.

Investigations with plant PSDs regarding their physiological relevance are rare.

PSD single mutants of Arabidopsis thaliana have decreased PSD activity, but they do
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not exhibit any growth defect or a characteristic morphological phenotype [6]. Double
mutations psdZ2Apsd3A bearing defects in the two PSDs showed similar physiological
properties as single mutants and grew similar to wild type. A psd1Apsd2Apsd3A triple
mutant was devoid of PS decarboxylase activity, showed decreased PE levels in
mitochondria, but unchanged phospholipid composition in whole leaves. It was
concluded that the major portion of PE in Arabidopsis thaliana was formed by
alternative pathways, but a significant amount of PE in mitochondria was derived from
PS decarboxylation by PSDs.

Voelker et al. [100] investigated mammalian cells where PE is formed by PSD in
the presence and absence of ethanolamine. The substrate of PSD is synthesized
extramitochondrially and must be imported into these organelles for the catalysis to
occur. PSD of mice (Pisd) is expressed in a wide range of tissues, mostly in heart, liver,
lung and testis [66]. The amount of Pisd is low in livers of embryos and newborn mice,
but 10-fold higher in adult mice. Deficiency in Pisd activity of mice was incompatible
with the embryonic development. No Pisd -/- mice were born and no Pisd deficient
embryos at stages later than 10 days were found. However, mice which were
heterozygous for the Pisd mutation developed with a normal lifespan, normal vitality
and fertility. In contrast to the 8 days old Pisd +/+ embryos, in Pisd deficient embryos
differentiation into the three germ layers was not detectable. No extra-embryonic
component like placenta or amnion was visible compared to wild type embryos. Some
cell division occurred in Pisd -/- embryos as mitotic spindles were present and also the
decidua was formed, although it seemed to be more compact than in Pisd +/+
embryos. At day 9 of the embryonic development it came to necrosis of tissue in Pisd

deficient embryos.
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In CHO cells PE is mainly derived from PS decarboxylation, and no PE is
imported from the ER to mitochondria [101]. When PSD expression was silenced with
DsiRNA to generate Pisd knockdown (KD) cells, transcript levels were 80-94 % lower
than in wild type and Pisd activity was 44-62 % lower than in the control. Cells
transfected with DsiRNA showed a growth reduction by 23 % as compared to wild type.
No apoptotic cells were detected in the Pisd knockdown cells. In PE deficient cells the
mitochondrial membrane potential was increased; oxygen consumption was lower in
Pisd KD cells than in control cells; PE deficiency in mitochondria inhibited respiration
and the activity of the electron transport chain; and ATP was 80 % lower in Pisd
deficient cells than in wild type after 72 h [68]. Moderate (less than 30 %) depletion of
mitochondrial PE altered mammalian mitochondrial morphology and function and

impaired cell growth [66,68,101,102].

4. BIOGENESIS OF PHOSPHATIDYLSERINE DECARBOXYLASE 1

4.1. Import and sorting of Psd1 into mitochondria

Psd1 belongs to the group of proteins which are encoded by the nuclear
genome, synthesized by cytosolic ribosomes and imported to the MIM where they fulfill
their catalytic activities [64]. After synthesis in the cytosol, Psd1 is translocated to its
proper destination by the complex mitochondrial protein translocation machinery
involving the TOM and the TIM complexes (for reviews see refs [103-105]).

The process of Psd1 biogenesis was more or less entirely studied with the yeast
S. cerevisiae [17]. The import process occurs in a series of steps as shown in Figure 4.
Tom70 and Tom22 are the main receptors for recognition of the Psd1 precursor which

carries a classical N-terminal mitochondrial targeting sequence. After crossing the
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MOM, the Psd1 precursor is sorted into the MIM. The assembly of Psd1 into the MIM
requires an energized MIM translocation system (TIM complex) using the membrane
potential (AW) as the only energy source. At this stage of the import process removal of
the targeting signals is performed by two matrix-localized processing peptidases, the
Matrix Processing Peptidase MPP and the Octapeptidyl Aminopeptidase Oct1, which
are also stabilizing the mature form of the enzyme [17,106]. The amino acid sequence
removed by MPP has been predicted to be located right after leucine 48, while serine
at position 56 seems to be the site recognized by Oct1, which is a mitochondrial

intermediate peptidase that removes octapeptide stretches [17,107].
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Figure 4: Import of Psd1 into mitochondria (A) The immature precursor form of Psd1
synthesized by cytoplasmic ribosomes is directed towards the MOM, where the N-
terminal mitochondrial targeting signal allows docking to the TOM complex. (B) After
docking of the protein, Psd1 is transferred within the organelle via the TIM complex
using the membrane potential (A¥) as source of energy. (C) The matrix localized
peptidases MPP (Matrix Processing Peptidase) and Oct1 (Octapeptidyl aminopeptidase)
remove the signal peptides and stabilize the protein structure. (D) Insertion of the
protein into the MIM occurs due to a membrane spanning domain with the C-terminus
protruding into the mitochondrial intermembrane space (IMS).

Nebauer et al. [97] speculated about the possible contribution of Oxal and
Yme1 to the processing of Psd1. OXA1 encodes for a MIM protein translocase, and it
was shown that deletion of this gene resulted in an impaired level of mitochondrial and
cellular PE, comparable with a psd1A deletion. Experiments performed to verify the
influence of the MIM protease Yme1 on Psd1 demonstrated that lack of this enzyme
caused enhanced Psd1 stability. These data supported the hypothesis that Yme1 was
involved in the proteolytic turnover of Psd1.

It is well established that Psd1 is embedded into the MIM. Horvath et al. [17]
demonstrated with the yeast that the predicted single membrane spanning domain
(IM1) from Val-81 to Ser-100 is involved in membrane anchoring. Deletion of this
portion of the protein resulted in mislocalization of Psd1 to the matrix side of the MIM
and reduction of enzymatic activity. A second membrane spanning domain within the p-
subunit of Psd1 has been predicted between lle-119 and Leu-140 based on
bioinformatic evidence, but not confirmed by biochemical experiments.

As a key process of Psd1 maturation during import and sorting into mitochondria
the enzyme undergoes internal rearrangement and autocatalytic processing leading to

formation of distinct and non-covalently associated a- and B-subunits. The a-subunit is

per se soluble and localized to the intermembrane space where it interacts with the
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hydrophilic part of the membrane bound p-subunit [90]. As the small a-subunit harbors
at least an essential part of the active site of Psd1, the recruitment to the MIM surface
with orientation to the intermembrane space is essential for the ability of Psd1 to
decarboxylate the polar head group of PS [108]. Indeed, experiments using a
mislocalized truncated form of Psd1 showed that the enzyme was still able to perform
the autocatalytic cleavage and to divide into the two subunits, but its catalytic activity

was drastically reduced [17].

4.2. Processing and maturation of Psd1

An important site that is shared by all PSDs identified so far is the conserved
LGST or GS(S/T) motif, which is essential for proteolytic processing to the a- and B-
subunits and for the formation of the catalytic pyruvoyl group of the mature enzyme to
obtain an active PSD [109,110]. With some exceptions the motif of type | PSDs is
composed by a leucine, glycine, serine and threonine sequence (LGST). The sequence
and position of this motif is shown in Figure 3.

The C-terminus of E. coli harbors a conserved LGST motif at positions Leu-252 to
Thr-255, while in B. subtilis the processing site is composed of the sequence FGST and
located at Phe-228 to Thr-231 [32,109]. Psd1 from yeast contains the specific LGST
motif between the amino acid residues Leu-461 and Thr-464, similar to PSD from CHO
cells where this motif is also located at the C-terminus of the enzyme [90]. Exceptions
from the classical LGST motif are the Psd1 from A. thaliana with its MGST sequence at
the C-terminus [63], and PSD from P. falciparium with VGSS from position Val-314 to
Ser-317 [59]. Plasmodium knowlesi PSD contains a MGSS sequence at the C terminus.
In PSDs of type Il the GGST motif is more common. The best studied examples are the

yeast Psd2 which contains the GGST motif at position Gly-1041 to Thr-1044 [41], and
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the two type Il PSDs from A. thaliana (Psd2 and Psd3) which have both a GGST motif at
the C-terminus [63].

In all types of PSDs the LGST or GS(S/T) motif is used not only as a cleavage site
to form o- and B-subunits, but also the active site of the enzyme with its pyruvoyl
prosthetic group. The cleavage which is considered to be an autocatalytic process has
been best studied with E. coli [109]. Figure 5 shows the process of ester bond
formation between Gly-462 and Ser-463 of the LGST motif as first reaction. The next
reaction is an a, B-elimination which sets the mature B-subunit free and leaves the a-
subunit with a dehydroalanine residue still attached to the N-terminus. For the final
formation of the pyruvoyl prosthetic group, which is attached to the N-terminus of the
a-subunit, hydration is necessary and elimination of a molecule of ammonia. Mutations
in the LGST motif result in an inactive and unprocessed enzyme [17]. Onguka et al. [89]
showed, however, that the serine residue is the only amino acid of the LGST motif

which is absolutely required for Psd1 autocatalytic cleavage and activity.
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Figure 5: Maturation of Psd1 For complete maturation of Psd1 an autocatalytic
endoproteolytic cleavage is necessary to form the active site of the enzyme, which
consists of a pyruvoyl group. At the same time the a- and f-subunits of Psd1 are
formed.

Interestingly, the reaction of autocatalytic cleavage seems to be independent of the
proper localization of Psd1 to the MIM. If the Psd1 precursor is arrested at the TOM
complex before reaching the MOM in the absence of the membrane potential,
processing and separation between a- and the B-subunit can still be observed [17].
Deletion of the transmembrane segment leads to mislocalization of Psd1 to the matrix
side of the MIM and to reduced activity, albeit processing can still occur.
It has been speculated, however, that formation of the two subunits of Psd1 may be
independent of import and maturation of the enzyme, and other components might
influence this process. Choi et al. [60] who studied formation of Psd1 from Plasmodium
knowlesi highlighted the fact that in an in vitro reaction using liposomes self-processing
was influenced by the surrounding lipid composition

Indeed, a positive correlation was observed between the rate of autocatalytic
cleavage and the amount of dioleoyl PS (DOPS) present in the reaction. Other anionic
phospholipids such as dioleoyl phosphatidic acid (DOPA) or dioleoyl
phosphatidylglycerol (DOPG) showed an inhibitory effect on the self-processing and
the formation of the two subunits of Psd1 [60]. Another ground-breaking study
published recently by the same group explored the molecular basis of the
endoproteolytic maturation of a truncated form of Psd1 from P. knowlesi [110]. It was
shown that it is possible to inhibit the cleavage of Psd1 by adding a common inhibitor
of serine proteases, PMSF, to the reaction. This result has paved the way for the

identification of the amino acids which are responsible for the possible proteolytic
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activity. Precise comparisons of PSD sequences from different organisms led to the
identification of a highly conserved aspartic acid residue (Asp-139) and two histidines
(His-195, His-198) which, together with Ser-308 of the GS(S/T) motif, form the classic
catalytic triad D-H-S that is characteristic of the serine protease family [110,111]. Site
direct mutagenesis experiments showed that mutations of the three amino acids led to
lack of autocatalytic cleavage of the enzyme and confirmed the double activity of Psd1

as PS decarboxylase and serine protease [110].

5. ENZYMOLOGY OF PHOSPHATIDYLSERINE DECARBOXYLASES

The mechanism of PE formation from PS by PSD has been studied intensively
with the gram negative model organism E.coli [37,109,112]. At the conserved GS(S/T)
motif the approaching of PS leads to formation of a Schiff's base between the
covalently bound pyruvoyl residue and the primary amine of the serine residue. During
a successive electron rearrangement an azomethine intermediate is formed and PS is
decarboxylated. At this point a protonation reaction forms PE in the Schiff's base
linkage with the enzyme, and finally the addition of water across the Schiff's base
regenerates the pyruvoyl prosthetic group and sets PE free from the active site of the
enzyme [49,72,87].

In E. coli the best PSD catalysis in vitro occurs in a pH range of 6.5 to 7.0 in the
presence of 10 % glycerol and 0.1 % Triton X-100 [113]. The solubilized enzyme
appears to have a tendency to associate with mixed micelles made of detergent and
substrate, and the optimal activity has been measured at a molar ratio of 6:1 Triton X-
100 to 6 mM PS. As the catalysis depends of the carbonyl moiety of the pyruvoyl group

of PSD, the presence of carbonyl reagents can inactivate the enzyme [37]. In
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experiments with yeast Psd1 it was noticed that the enzyme exhibited selectivity
towards different PS molecular species [23]. The ratio of unsaturated to saturated fatty
acids in the substrate PS was found to be much lower than in PE.

The catalytic function of Psd1 from Toxoplasma gondii (TgPSD1) is comparable
to other reported PSDs [62]. Secreted and soluble TgPSD exhibit a high catalytic
activity with liposomal PS. PkPSD from Plasmodium knowlesi converts PS into PE at
levels comparable to the yeast Psd1. In cell free extracts the PkPSD has nearly three
times the catalytic activity of the endogenous yeast Psd1. Marked PkPSD enzyme
activity (49 %) was detected in the soluble fractions of cell extracts. A PkPSD enzyme
expressed in a psd1ApsdZAdplT1A yeast strain was fully functional and complemented
the biochemical defect of the mutant. Amino acids between positions 35 and 55
appear to be crucial for the enzymatic activity of PkPSD [60]. With PSD from
Plasmodium falciparum it has been demonstrated that replacement of the classical
LGST motif by VGSS brought an increment of the activity, demonstrating the active role
of the amino acid flanking the catalytic serine. PSD from Plasmodium falciparum
expressed in E. coli has a Km of 63 uM and a vmax of 680 nmol at the optimum pH of 6.8
[114].

In mammalian cells formation of PE by PS decarboxylation generates mainly
species of polyunsaturated fatty acids in the sn-2 position, e. g. (18:0-20:4) PE and
(18:0-20:5) PE in McArdle cells, and (18:0-20:4) PE and (18:0-22:6) PE in Chinese
hamster ovary K1 cells [101]. Interestingly, the lipid precursor PS species utilized for
decarboxylation, (18:0-20:4) PS and (18:0-20:5) PS, comprise only 2-3 % of total PS in
whole cells [101]. Thus, mammalian PSD appears to be highly selective. Derivatives of
PS like serine, phosphoserine and glycerophosphoserine are not substrates of the

enzyme, but dimyristoyl PS 1 acyl, 2[N-(6[7-nitrobenz-2-oxa-1,3diazo-4-yl)Jaminocaproyl
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PS and 1 acyl, 2(w-pyrene)-acyl PS are recognized and decarboxylated [72]. Partially
purified rat liver PSD was affected by sulfhydryl modifying reagents and stabilized by
the addition of 5 mM 2-mercaptoethanol, 1 mM ETDA and 10 % glycerol. As with other
PSDs the rat liver PSD does not exhibit a substrate preference to dipalmitoyl and
dimyristoyl-PS [115].

Functionality of mitochondrial Psd1 depends very much on the supply of its
substrate PS from other organelles. Thus, a major prerequisite for PE formation is the
conveyance of PS from its site of synthesis, the ER to the MIM. This process has been
analyzed both in yeast and mammalian cells [116]. The currently best accepted
mechanism of phospholipid transport between ER and mitochondria seems to be
through membrane contact [117]. In yeast and mammalian cells membrane complexes
form a subfraction of the ER, the mitochondria associated membrane (MAM) [118,119].
These contact sites were identified through co-sedimentation of ER and mitochondrial
fractions and by direct visualization using electron microscopy [120-123]. These
methods showed that 80-110 of these contact sites are present in yeast cells [124].
Gaigg et al. [125] and Vance et al. [126] demonstrated that these membrane sub-
domains are enriched with enzymes of phospholipid synthesis. Additionally, it has been
speculated that the existence of these membrane bridges could create a hydrophobic
passage for channeling and translocation of lipid molecules [122,127].

In the yeast, molecular components localized at ER-MOM junctions were
identified and named ER-mitochondrial encounter structures (ERMES) [128,129]. The
ERMES complex is formed by five major proteins, namely Mmm1, Mdm34, Mdm10,
Mdm12 and Gem1 [130,131]. It was hypothesized that the ERMES complex plays a role
in translocation of lipids between compartments [132]. Other authors [133], however,

argued that lack of ERMES does not interfere with PS transport from the ER to
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mitochondria and conversion of PS to PE. Highly impaired transfer of phospholipids
accompanied by their compromised steady state level was only detected when the
yeast cells lacked both the ERMES complex and the ER-shaping proteins [134,135]. As
the ERMES complex the ER-shaping proteins, i.e. the reticulons Rtn1p and Rtn2p and
the reticulon-like protein Yop1p, are essential for keeping efficient contact at the ER-
mitochondria interface and found in all eukaryotic cells [135]. Besides the reticulons,
another family of proteins that play a role in maintaining ER shape are the atlastins.
Sey1 is the functional ortholog of the atlastins in yeast [136]. Voss et al. [134] showed
that PS transfer from the ER to mitochondria is slower in cells lacking the ERMES
protein Mdm34p and either Rtn1 and Yop1 or Rtn1 and Sey1. This study also
demonstrated that the set of genes encoding the ERMES proteins genetically interacts
with RTN1 and YOP1, and that the ERMES complex together with the proteins required
to maintain tubular ER is important for lipid exchange between ER and mitochondria.

In addition to the tethering ERMES complex, a newly identified contact site
named VCLAMP (vacuole and mitochondria patch), has been described [137,138].
VCLAMP creates physical contact between mitochondria and the yeast lysosomal
compartment, but is also located in vicinity to the ER-mitochondria encounter structure
(ERMES) complexes creating a complex network among the different organelles. It was
demonstrated that an increase in vVCLAMP can rescue the growth defect of ERMES
mutants. Thus, mitochondria were shown to depend on the presence of either ERMES
or vVCLAMP, the absence of one causing expansion of the other, whereas elimination of
both is lethal.

Lahiri et al. [139] investigated the mechanism of non-vesicular mitochondrial
membrane biogenesis. Using a novel genetic screening method in S. cerevisiae they

demonstrated that a strain lacking different components of the conserved ER
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membrane protein complex (EMC) has decreased phosphatidylserine (PS) transfer from
the ER to mitochondria and consequentially also a reduction of PS and PE levels. The
importance of the contact between all the EMC components with Tom5, a part of the
TOM complex, in PS transfer and cell growth was also shown. This study proved the
additional tethering function of the EMC complex, in fact even though the ERMES is
intact. EMC mutants have a marked reduction of ER tethered to mitochondria, and cells
lacking both the EMC proteins and the ERMES complex are non-viable.

In other experiments the energy requirement of lipid translocation between ER
and mitochondria was investigated. A yeast strain, named pstA, which is compromised
in the ER-mitochondrial route of import and export of PS and PE, respectively, was
characterized by the limited amount of PE, ethanolamine auxotrophy and a lower
phospholipid to protein ratio than wild type [140]. Studies in yeast cells focusing on PS
delivery from the ER to the MIM showed that this activity did not require ATP [117,124],
although the process appeared to be energy dependent in experiments conducted
with mammalian cells [141]. Further investigations using isolated microsomes as donor
membranes and mitochondria as acceptors demonstrated that in the route of lipid
delivery only the final step was ATP independent in both mammalian cells and yeast
cells, while initial stages of transport were functional only in the presence of ATP
[92,142].

Intramitochondrial transport of lipids is a route that involves lipid transport from
the MOM to MIM and backwards [143]. The import step is particularly important for the
movement of the precursor phospholipids PS and PA which are required for the
production of the mitochondrially synthesized phospholipids PE and CL. The lipid
translocation process described here appears to be independent of the membrane

potential (AW), and it is likely to occur at MOM-MIM contact sites [117,119,144-146].
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The yeast proteins Ups1 and Ups2, and the human homologue known as PRELI (protein
of relevant evolutionary lymphoid interest) together with the proteins Mdm35, Mdm31
and Gep5 play an important role in intra-mitochondrial lipid transfer [146—149]. When
grown on fermentable carbon sources, the yeast deletion strains ups1A, mdm31A and
gepSA are characterized by low expression of PSD1 accompanied by reduction of PE
synthesis [146,150]. Further experiments highlighted the role of Mdm31 and Gep5 in
keeping a correct mitochondrial morphology, supporting Psd1 levels and PE
production [82]. PE synthesis is a time dependent process, and it has been shown that
inactivation of Ups2 leads to a reduction of the PE level. In contrast, Ups1 inactivation
does not interfere with this process. In pulse-chase experiments using ups1A and ups2A
yeast strains Tamura et al. [147] showed that (i) loss of Ups2 supported PE export from
mitochondria causing a reduction in the PE level which was balanced by an increased
PC production in the ER; (i) in upsTA strains grown under fermentable conditions the
export of PE seemed to be slower than in reference strains; and (iii) in upsTA strains a
reduced steady-state level of Psd1 was accompanied by a decreased membrane
potential (AW), which was restored if strains lacking Ups1 were shifted to growth on a
non-fermentable carbon source.

A study by Aaltonen et al. [151] describes the role of the Ups2-Mdm35 complex
in PS relocation and the concomitant synthesis of PE. To investigate the influence of PS
transport driven by Ups2-Mdm35 on the activity of Psd1, PE synthesis was monitored in
UPS2 deficient cells in a psd2A dpl1A background. Under these conditions it was
possible to observe an impaired accumulation of PE, which did not influence its
conversion to PC indicating that PS decarboxylation by Psd1 can proceed despite the
absence of PS transfer by Ups2. These data suggested that PS can reach Psd1 via

alternative routes. In the same study it was demonstrated that Psd1 can catalyze
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decarboxylation of a PS fraction in the MOM, which therefore does not need to be
relocated. Psd1 activity is in this case linked to the spatial arrangement of the MOM
and MIM, which is regulated by the Mitochondria Contact Site complex known as
MICOS. Loss of MICOS has been shown to drastically reduce both the rate of Psd1-
dependent PE synthesis and also the formation of PC from PE methylation, defining the
role of MICOS in the production of PE by regulating the spatial relation between the
two mitochondrial membranes. In contrast to previous studies Miyata et al. [152]
showed recently that in cells grown under non fermentable conditions the Ups2-
Mdm35 complex contributed to the PS transfer to mitochondria. Under these
circumstances loss of activity of Ups2-Mdm35 was accompanied by a reduction in the
conversion of PS to PE. Furthermore the UPS2 expression appeared to be augmented
and, in support of these data, an in vitro experiment carried out with liposomes showed
that the recombinant Ups2-Mdm35 fusion protein was indeed displaying phospholipid
transfer activity. The new evidence suggested that the role of Ups1 and Ups2 in PE
metabolism is not merely regulatory. There are now indications that Ups2 is directly
involved in the transport of PS to mitochondria. Despite the data available so far, the
exact mechanism driving PE transfer within mitochondria is still a matter of dispute.
Especially identification of proteins which govern PE translocation still awaits
elucidation.

In S. cerevisiae the mitochondrially localized Psd1 accounts for 70 % of PE
production in the cell. Despite the apparent dominant role of Psd1, the contribution of
Psd2 to cellular PE formation is noteworthy. Similarly to Psd1, also Psd2 forms PE
species with a high degree of unsaturation exhibiting a preference for C34:2 and C32:2
species [153]. As the ratio of unsaturated to saturated fatty acids in PS is much lower

than in PE high species selectivity of Psd2 can be anticipated. Blirgermeister et al. [153]
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showed that a certain portion of PE formed by Psd2 can be imported into
mitochondria, although with moderate efficiency. Interestingly, PE synthesized by Psd?2
is the preferred substrate for PC synthesis, but PC derived from the different
biosynthetic pathways seems to be supplied to subcellular membranes from a single PC
pool.

Localization studies revealed that Psd2 is most likely a component of the
endomembrane system [40]. Riekhof et al. [44] studied the supply of PS to the site of
Psd2 from the ER across the endosomes. The model proposed suggests a proteins
complex on the acceptor membrane consisting primarily of Psd2 and the lipid-binding
protein PstB2, which are able to facilitate the lipid transfer. This interaction facilitated
by a cryptic C2 domain at the extreme N-terminus (C2-1) and the C2 domain of Psd2
(C2-2). The proposed model includes PS transport requiring a docking site from the PS
donor membrane to an acceptor, based on protein-protein and protein-lipid
interactions. In this case the acceptor membrane complex is composed of the C2
domains of Psd2 and PstB2 that interacts with Scs2, a binding determinant for several
peripheral ER proteins, and PA present in the donor membrane creating a bridge to
enable PS relocation. Transfer of PS from liposomes to Psd2 fails to occur in acceptor
membranes from strains lacking PstB2 or the C2 domain of Psd2. These data support a
model for PS transport from planar domains highly enriched in PS or in PS plus PA [92].
We refer to a recent review paper Kannan et al. [154] for a comprehensive view on
aspects related to Psd2p-specific transport pathway and PS delivery at the contact sites

between the ER and Golgi/endosome membranes.

6. SUMMARY AND CONCLUSION
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The aim of this review article was to summarize evidence about PSDs in different cell
types, their involvement in lipid metabolism and their effect on various cellular
processes. In the past, PSDs were regarded solely as producers of PE, but recently a
more complex role of these enzymes evolved. Besides the unequivocally important role
of PE as a membrane component governing the dynamic structure of biological
membranes increasing evidence has been presented that PE is responsible for
stabilization of proteins, especially in mitochondrial membranes. In that respect, PSDs
of type 1 deserve our special attention. However, extramitochondrial PSDs seem to be
also important for the total cellular PE metabolism although their role is not yet as well
defined. Studies with mutants provide a reliable strategy to pinpoint defects which can
be ascribed to individual defects in prokaryotes, eukaryotic microorganisms, parasites,
plants and mammalian cells.

The best studied PSD is the mitochondrial Psd1 from different sources, especially
from the yeast, Trypanosoma, plants and mammalian cells. Psd1 is not only the major
producer of PE in most of these cell types or even the only one, e. g. in mammalian
cells, but also the phylogenetically best conserved within the different kingdoms of life.
Recently, much evidence about biogenesis, processing, import into mitochondria,
assembly into the MIM and the topology of the Psd1 has been presented. This
information helps us to understand how this enzyme works and how it may be
embedded into the network of phospholipid metabolism, which is spread over different
organelles. As always, however, many questions remain still unanswered. The 3D
structure of Psd1 is still unsolved, and several important domains with ascribed
biological functions are only defined by bioinformatic predictions. As examples, the
membrane spanning sites need to be defined in more detail; the role of a putative

substrate recognition sequence waits elucidation; and finally the enigmatic autocatalytic
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cleavage at the LGST motif which leads to the formation of the a- and B-subunits may
be worth studying in some more detail. Moreover, Psd1 may interact with other
proteins from mitochondrial membranes and form complexes which need to be
identified and characterized. Finally, the supply of the substrate PS to the Psd1 site is
still under investigation and has not been fully understood from the mechanistic
viewpoint.

Besides Psd1 other types of PSDs should not be forgotten and their role in lipid
metabolism on the one hand and their possible importance as contributors to PE
metabolism, regulators or stabilizing factors on the other hand should be kept in mind.
Our lack of information about these enzymes is no excuse to ignore the role of these

proteins in cell metabolism and physiology.
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ABSTRACT

In the yeast Saccharomyces cerevisiae, the mitochondrial phosphatidylserine
decarboxylase 1 (Psd1p) produces the Ilargest amount of cellular
phosphatidylethanolamine (PE). Psd1p is synthesized as larger precursor on
cytosolic ribosomes and then imported into mitochondria in a three step
processing event. The a-subunit harbors a highly conserved motif, which was
proposed to be involved in phosphatidylserine (PS) binding. Here, we present a
molecular analysis of this consensus motif for the function of Psd1p by using Psd1p
variants bearing either deletions or point mutations in this region. Our data show
that mutations in this motif affect processing and stability of Psdi1p, and
consequently the enzyme’s activity. Thus, we conclude that this consensus motif is

essential for structural integrity and processing of Psd1p.

Keywords: phospholipid; mitochondria; phosphatidylserine decarboxylase 1;

phosphatidylethanolamine; Saccharomyces cerevisiae
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1. INTRODUCTION

Phospholipid composition is paramount for vital mitochondrial functions
including respiration, membrane architecture, protein transport, apoptosis and
mitophagy [1-3]. The non-bilayer forming phospholipid phosphatidylethanolamine (PE)
is crucial for the function of several membrane-bound protein machineries. In
Saccharomyces cerevisiae a significant reduction of cellular and mitochondrial PE
causes a petite phenotype characterized by loss of respiratory capacity [4,5]. Depletion
of PE also results in reduced activity of yeast and mammalian cytochrome c oxidase of
the respiratory chain leading to a decrease of the inner membrane potential [6-8]. The
reduced membrane potential affects in turn protein import into and across the inner
membrane [6]. In addition, a reduced PE content disturbs preprotein binding but not
the integrity of the translocase of the outer membrane (TOM complex) [9]. The TOM
complex forms the general entry gate for most mitochondrial precursor proteins [10-
13]. The impaired TOM function contributes to defective transport of f-barrel
precursors into mitochondrial outer membrane with reduced PE content. Additionally, a
certain level of PE in the mitochondrial inner membrane together with the prohibitin
complex may be required for the attachment of mtDNA nucleoids [14]. PE also serves
as a precursor for GPl-anchored proteins by providing the ethanolamine phosphate
bridge which links the C-terminal amino acid of GPl-anchored proteins to
glycosylphosphatidylinositol [15].

In yeast PE is synthesized by different pathways [4,16]. Phosphatidylserine
decarboxylase 1 (Psd1p) of the mitochondrial inner membrane is the key player in PE
synthesis [17-21]. Deletion of Pisd, the Psd1p ortholog in mice, is embryonic lethal [22].

During Psd1p biogenesis the enzyme is synthesized as precursor on cytosolic
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ribosomes. An N-terminal mitochondrial targeting sequence is crucial for targeting
Psd1p to mitochondria [19]. The receptor proteins Tom70p and Tom22p are important
for recognition of the Psd1p precursor on the mitochondrial surface and its transfer to
the TOM pore [19,23]. Subsequent insertion into the inner membrane depends on an
inner mitochondrial membrane-sorting signal and the membrane potential across the
inner membrane [24-27] (Fig. 1). After the import, the mitochondrial processing
peptidase (MPP) cleaves the mitochondrial targeting sequence, and subsequently the
mitochondrial intermediate peptidase Oct1p removes a small octapeptide to stabilize
the N-terminus of the mature Psd1p [19]. In addition, Psd1p maturation comprises an
autocatalytic endoproteolytic cleavage at a highly conserved LGST sequence, which
occurs by a serine protease mechanism catalyzed by the catalytic triad aspartate-
histidine-serine [28,29]. Cleavage of the Psd1p-precursor results in formation of two
separate subunits named o and f. The fB-subunit forms the membrane anchor for the
intermembrane space localized a-subunit [19]. The autocatalytic cleavage is a crucial
step leading to the constitution of the catalytic pyruvyl residue, which is located at the
interface between the two subunits [28,30,31]. Interestingly, the autocatalytic cleavage
can even occur when the protein is not correctly inserted into the inner membrane,
indicating that proper insertion into the inner membrane is not prerequisite for the
separation of both Psd1p subunits [16,26].

Despite the central role of Psd1p for cell survival, only little is known about the
molecular mechanism of its biogenesis and activity. The aim of the investigation
presented here was to shed light on the function of a reported PS-binding site within
the a-subunit of Psd1p from Saccharomyces cerevisiae. This domain was also found in
protein kinase C and binds phosphatidylserine (PS) in vitro [33,34]. The role of this motif

for the biogenesis and activity of Psd1p in mitochondria was not yet analyzed.
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Sequence analysis revealed that this motif and flanking regions are at least in part
conserved in Psd1p enzymes from bacteria to eukaryotes.

Using a set of deletion and point mutants we investigated the role of this region
for Psd1p biogenesis and function in mitochondria. Surprisingly, mutated Psd1p
revealed a reduced stability and impaired separation of both Psdip subunits.
Consequently, the entire Psd1p enzyme including a- and p-subunit was destabilized in
the mutants. Thus, in addition to the LGST motif there is a second conserved region in
Psd1p a-subunit, which is crucial for maturation of Psd1p. We conclude that the
conserved motif of the a-subunit is not only important for the structural integrity, but
also for processing of Psd1p, which in turn has an important impact on the catalytic

activity of the enzyme.

Figure 1
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Figure 1. Biogenesis of Psd1p. The precursor form of Psdip is synthesized on
cytosolic ribosomes and imported across the outer membrane of mitochondria (MOM)
by the translocase of the outer membrane (TOM complex). After a membrane-potential
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(Dy) dependent insertion into the inner membrane of mitochondria (MIM) the Psd1p
precursor is processed in three steps. First, the mitochondrial processing peptidase
(MPP) removes the mitochondrial targeting sequence. Second, the octapeptidyl
aminopeptidase Octlp removes an octapeptide. Third, the autocatalytic cleavage
separates a membrane-embedded b-subunit from the a-subunit, which harbors the
active site of Psd1p. The a-subunit allows decarboxylation of PS to PE, which is
distributed within mitochondria and in the whole cell.

2. EXPERIMENTAL PROCEDURES

2.1 Yeast strain construction and growth conditions

The Psd1p mutant strains used in this study are shown in Table 1. Yeast Psd1p variants
were generated by overlap-extension PCR using PSDTHA [19] as a template for site-
directed mutagenesis. The purified PCR product was inserted via the restriction sites for
BamHI and Notl into the pYES2 vector (Invitrogen, Carlsbad, California). A
Saccharomyces cerevisiae psd1A strain was transformed with the constructed plasmids
by lithium acetate transformation [35] resulting in yeast strains listed in Table 1. All
yeast cells transformed with the plasmids were grown under aerobic conditions to the
early stationary phase at 30 °C on minimal medium containing 2% (w/v) galactose
(ForMedium, Hunstanton, UK), 0.67% (w/v) yeast nitrogen base without amino acids

(ForMedium), and 0.063% (w/v) amino acid mix without uracil.
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Tab. 1 Strains used in this study

Strain Genotype Source/Reference
Wild type (WT) BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf
psd1A BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 psd1A::KanMX4 Euroscarf
WT + pYES2 BY4741 + pYES2 [19]
psd1A + pYES2 psd1A + pYES2 [19]
Psd1HA psd1A + pYES2-Psd1HA [19]
Psd1ASRS psd1A + pYES2-Psd1-A(475-487) This study
Psd1ADK psd1A + pYES2-Psd1-A483;A484 This study
Psd1AX3 psd1A + pYES2 Psd1K480A;K484A;K486A This study
Psd1ASRS4 psd1A + pYES2-Psd1-A(480-485) This study
Psd1ASRS3 psd1A + pYES2-Psd1-A(479-481) This study
Psd1ASRS2 psd1A + pYES2-Psd1-A(482-484) This study
Psd1G482P psd1A + pYES2-Psd1G482P This study
Psd1K486A psd1A + pYES2-Psd1K486A This study
Psd1G488P psd1A + pYES2-Psd1G488P This study
Psd1G492P psd1A + pYES2-Psd1G492P This study
Psd1ALG psd1A + pYES2-Psd1-A491;A492 This study

2.2 Isolation of mitochondria and protein analysis

For isolation of mitochondria, cells were pre-cultured in 2% (w/v) glucose (Roth,
Karlsruhe, Germany), 0.67% (w/v) yeast nitrogen base without amino acids
(ForMedium), and 0.063% (w/v) amino acid mix without uracil for 6 hours at 30 °C and
transferred to 2% (w/v) galactose minimal medium (see section 2.1).

Mitochondria were isolated by differential centrifugation according to standard
procedures [36,37]. Mitochondrial fractions obtained were adjusted to a protein
concentration of 10 mg/ml in SEM buffer (250 mM sucrose, 1 mM EDTA, and 10 mM

MOPS-KOH, pH 7.2). Aliquots were shock-frozen in liquid nitrogen and stored at -80
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°C. Mitochondrial samples were concentrated by TCA precipitation, and 20 pg of
protein from each sample were separated by SDS-PAGE followed by immunoblotting.
Western blot analysis was performed as described [38] and immunoreactive bands were
detected with chemiluminescent reagent Luminata™ Classico (Millipore, Billerica,
Massachusetts). The antibodies used for detection were an anti-HA-peroxidase
conjugated, high affinity (3F10) (Roche Applied Science, Penzberg, Germany)
recognizing the HA-tagged a-subunit, and a monoclonal antibody directed against the

Psd1 B-subunit [19].

2.3 Import of precursor proteins into isolated mitochondria

The import of precursor proteins into isolated mitochondria was performed as reported
[37]. For each construct a PCR-generated template containing the SP6 promoter was
used for in vitro transcription. The RNA produced was purified (MEGAclear kit;
Invitrogen, Carlsbad, California) and used for in vitro translation (TNT kit; Promega,
Madison, Wisconsin) in the presence of **S-labeled methionine. Import of **S-labeled
precursor proteins into mitochondria isolated from wild type Saccharomyces cerevisiae
BY4741 (containing 50 pg protein) was performed at 30 °C in the presence of 2 mM
NADH and 2 mM ATP in the import buffer (3% BSA (w/v), 250 mM sucrose, 80 mM KCl,
5 mM MgCl;, 2 mM KHzPOs4, 5 mM methionine, 10 mM MOPS-KOH, pH 7.2). Import
reactions were stopped by transfer on ice and by dissipation of the membrane potential
with 8 uM antimycin A, 1 uM valinomycin, and 20 uM oligomycin (final concentrations).
For protease treatment, samples were incubated with 50 pg/ml proteinase K for 15 min
on ice. Proteinase K activity was stopped by addition of 2 mM PMSF and incubation for

10 min on ice. Then mitochondria were re-isolated by centrifugation (10,000 X g, 10
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min, 4 °C) and washed with SEM buffer (see paragraph 2.2). Samples were subjected to
SDS-PAGE, and *S-labeled proteins were detected by digital autoradiography (Storm

imaging system, GE Healthcare, Chicago, lllinois).

2.4 Phospholipid analysis

Lipids were extracted from isolated mitochondria by Folch extraction using
chloroform/methanol (2:1; v/v) [39]. The remaining contaminants, e.g., proteins and
salts were removed by additional washing steps of the organic phase with 0.034%
MgCl, solution (w/v), 2 N KCl/methanol (4:1; v/v), and methanol/water/chloroform
(48:47:3; per vol.), respectively. Individual phospholipids were separated by two-
dimensional thin-layer chromatography on Silica gel 60 plates (Merck, Darmstadt,
Germany) by using chloroform/methanol/25% NHs (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
developing solvent. Phospholipids were visualized on two-dimensional thin-layer
chromatography plates by staining with iodine vapor, scraped off and quantified as

described [40].

2.5 Psd1p activity assay

The enzymatic activity of Psd1p was determined in vitro by measuring the conversion of
3H-labeled PS to *H-labeled PE in isolated mitochondria from yeast cells grown to the
logarithmic growth phase [41]. Radioactively labeled [°*H]PS was synthesized in vitro by
incubating microsomes (8 mg of protein) isolated from the Saccharomyces cerevisiae

pemTApem2A strain with 0.2 mM CDP-DAG, 5 mM hydroxylamine, 0.6 mM MnCl;,
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0.2% Triton X-100, 0.5 mM L-serine, 0.01 mCi of L-[*H]serine (specific activity 21.99
uCi/mmol; PerkinElmer, Waltham, Massachusetts) and 0.1 M Tris-HCI (pH 8.0) in a total
volume of 2 ml for 2 h at 30°C. The reaction was stopped by the addition of 4 ml
chloroform/methanol (2:1; v/v), and lipids were extracted as described [39]. The Psd1p
activity assay was performed in a final volume of 1.5 ml containing 100 nmol of [*H]PS
(specific activity, 0.64 uCi/mmol), 0.1 M Tris-HCl (pH 7.2), 10 mM EDTA and 1 mg of
protein from isolated mitochondria [41]. Incubations were carried out for 5 min at 30 °C
and terminated by the addition of 4 ml of chloroform/methanol (2:1; v/v). Lipids were
extracted, and individual phospholipids were separated as described above. After
visualization with iodine vapor, PE was scraped off, and radioactivity was measured by
liquid scintillation counting using LSC Safety (Baker, Deventer, The Netherlands) with

5% water as scintillation mixture.

3. RESULTS

3.1 The Psd1p a-subunit contains a highly conserved motif

Multiple protein sequences alignment of the yeast Psd1p a-subunit (S. cerevisiae) with
its homologues from bacteria (E. coli), plant (A. thaliana), mouse (Mus musculus) and
human (Homo sapiens) revealed two regions of high conservation (Fig. 2). First, the
LGST motif (MGST in A. thaliana) is present in all analyzed sequences as expected
[24,28,29,32,42]. In addition, we found that a conserved motif, previously identified
only in Psd1 from hamster and yeast Psd1p as putative PS binding region [33], is
present in other eukaryotic Psd1 proteins too. Even though the original putative

substrate-binding motif is absent in Psd1 from E. coli, some residues within the

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 94



CHAPTER 2

INVOLVMENT OF A PUTATIVE SUBSTRATE BINDING SITE IN THE BIOGENESIS AND ASSEMBLY OF
PHOSPHATIDYLSERINE DECARBOXYLASE 1 FROM SACCHAROMYCES CEREVISIAE

sequence are nevertheless highly conserved [33] (Fig. 2A). Interestingly, not only the
amino acids of this originally described substrate recognition site (SRS) of all the
aligned Psd1 proteins are conserved, but also flanking residues at the C-terminal side
of this domain (sequence from Gly-488 to Gly-492). To analyze the function of this
region in detail, we generated several yeast variants of Psd1p. In Psd1ASRS the
reported PS-binding site was removed, whereas in Psd1ASRS4, Psd1ASRS3,
Psd1ASRS2, Psd1ADK and Psd1ALG distinct short portions of the conserved sequence
were deleted (Fig. 2B). In a second set of Psd1p mutants conserved glycine residues
were substituted by prolines (Psd1G482P, Psd1G488P, Psd1G492P). Finally, we created
two mutant forms of Psd1p in which either the most conserved Lys-486, or all positively
charged amino acids of this motif were substituted by alanine (Psd1AX3, Psd1K486A;
Fig. 2B).
Figure 2
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Figure 2. Conserved motives of the Psd1p a-subunit. (A) The sequence alignment of
the Psd1p a-subunit with flanking regions of the B-subunit, which includes the highly
conserved cleavage site LGST, is shown for the following organisms: Saccharomyces
cerevisiae (YEAST), Arabidopsis thaliana (ARATH), Escherichia coli (ECO24), Homo
sapiens (HUMAN) and Mus musculus (MOUSE). A newly identified conserved PS
binding motif is highlighted by a red box. The conserved amino acids are marked: *
fully conserved residue; : amino acids with strongly similar properties; . amino acids
with weakly similar properties. (B) The Psd1p constructs used in this study are
schematically illustrated. The different mutations introduced in the sequence are
highlighted in red.

3.2 The putative PS binding site of the Psd1p a-subunit is crucial for cell growth

To analyze the role of the newly determined conserved motif of the Psd1 a-subunit, we
studied the growth phenotype of the respective mutant strains (Fig. 2B) on minimal
media with galactose as a carbon source. Deletion of PSDT results in PE depletion in
mitochondria and in other cellular membranes, but growth is not affected as long as
glucose is used as a carbon source [4,43]. Only if non-fermentable carbon sources such
as glycerol or lactate serve as sole carbon source, mitochondrial functions, especially
respiration, become more stringent and growth of the cells is impaired [4,6,44]. Even in
the presence of galactose cell growth of psd1A is compromised. As shown in Figure 3A,
yeast cells expressing the Psdl1p variant lacking the entire putative substrate
recognition sequence (Psd1ASRS) exhibited a growth phenotype similar to a psd1A
strain on minimal medium containing galactose as carbon source. Even removal of
three to six amino acids of the conserved motif compromised the function of Psd1p as
reflected by impaired growth of the mutants Psd1ASRS4, Psd1ASRS3, Psd1ASRS2 (Fig.
3A). In contrast, deletion of two amino acids caused only a mild growth defect

compared to positive control (Fig. 3A). Substitution of the three positively charged
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amino acids present in the consensus motif, as well as the conserved Lys-486 hardly
affected cell growth of the respective mutant strain (Psd1AX3, Psd1K486A; Fig. 3B).
Similarly, mutants expressing Psd1p with glycine to proline replacements at position
Gly-482 or Gly-492 showed no major growth defect (Psd1G482P, Psd1G492P; Fig. 3B).

However, the point mutation G488P in Psd1p caused a dramatic growth defect of the
respective mutant similar to that observed for psd1A bearing the empty vector

(Psd1G488P; Fig. 3B).
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Figure 3. The putative substrate-binding motif is crucial for cell growth. (A) and (B)
The indicated constructs were introduced into a psd1A strain. Cell growth at 30 °C was
analyzed by serial dilution on selective media containing galactose as a carbon source.
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3.3 Mutations in the putative PS binding motif of the Psd1p a-subunit affect

maturation and lead to structural instability of Psd1p

It is already well known that yeast Psd1p is a mitochondrial enzyme embedded in
the mitochondrial inner membrane [19]. Similar to the majority of proteins which reside
in mitochondria Psd1p is synthesized as a precursor on cytosolic ribosomes. The 56 kDa
large precursor undergoes three processing steps upon import into mitochondria,
leading to a 4 kDa a-subunit and a 47 kDa B-subunit [19] (see Fig. 1).

As we observed that every mutation introduced into the conserved motif of the
a-subunit of Psd1p compromised cell growth to some extent (see Fig. 3), we asked
whether or not these mutations affected also the steady state level of the Psdi1p
subunits in mitochondria. To monitor both Psd1p subunits independently, we fused the
a-subunit with a triple HA-tag at the C-terminus to allow immunodetection with an anti-
HA antibody. For detection of the Psd1p B-subunit we used a specific antibody against
this part of the polypeptide. The HA tagging did not affect maturation or function of
Psd1p, as the Psd1ua behaved like wild type Psd1p [19]. The control strain expressing
wild type Psd1p fused to an HA-tag and the mutant strains were grown to the early
stationary phase. Then, mitochondria were isolated and analyzed for the presence of
the Psd1p-subunits by immunoblotting with the specific antibodies.

Wild type Psd1na was correctly processed leading to the formation of a B-subunit
of 47 kDa and the a-subunit of 10 kDa (4 kDa mature a-subunit + HA-tag) [19] (Fig. 4A,
a; 4B, a). Unexpectedly, neither the a-subunit nor the B-subunit was detected in
mitochondria of the strain expressing Psd1ASRS lacking the entire consensus motif (Fig.
4A, b; 4B, b). This finding indicated that loss of the SRS dramatically affected the
stability of the entire protein. Similarly, in Psd1ASRS4, Psd1ASRS3, and Psd1ASRS2
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mitochondria, no mature a- and B-subunits were detected (Fig. 4A, c; d; e; 4B, c; d; e).
However, in these strains, a prominent band of 35 kDa was observed instead. As the 35
kDa fragment of Psd1p was recognized by both antibodies this result revealed that
parts of the two subunits were not autocatalitically cleaved. Noteworthy, whereas the
antibody directed against the b-subunit revealed only a single 35 kDa band, the anti-
HA antibody recognized several additional bands of lower molecular mass. This
observation suggested that Psd1p was degraded from the N-terminus, because the
HA-tag is located to the C-terminus, whereas the peptide-epitope recognized by the
Psd1p specific antibody is located within the first 240 amino acids of the protein.
Accordingly, only the HA-specific antibody detected fragments of smaller size than 35
kDa. In addition, it has to be mentioned that the anti HA-tag antibody was more
sensitive than the one recognizing the B-subunit, as it also detected the unprocessed
Psd1p precursor form of 56 kDa, as well as other sizes between 35 and 56 kDa.

In contrast to the Psd1p mutant forms described above, we observed that in the
mutant Psd1ADK both Psdip subunits were only partly destabilized but the
autocatalytic cleavage was largely impaired (Fig. 4A, f; 4B, ). Western blot analysis
revealed that the a- and the B-subunit of Psd1ALG were more effectively separated
than of Psd1ADK, but still not fully processed, because the 56 kDa band of
unprocessed Psd1p was still detected (Fig. 4A, g; 4B, g). Substitutions of the positively
charged amino acids by alanine (Psd1K486A and Psd1AX3) reduced stability and
processing of Psd1p moderately (Fig. 4A, h; i; 4B, h; i). Finally, individual replacements
of the conserved glycine residues affected Psdip proteins differentially. In the
Psd1G482P mutant, processing and stability were mildly impaired, while no mature f-
subunit was detected for Psd1G492P. Strikingly, the replacement of Gly-488 by proline

caused a severe loss of protein stability (Fig. 4A, j; k; I; 4B, j; k; I). The absence of an
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intact a- and B-subunit pointed to an impaired autocatalytic processing of Psd1G488P
(Fig. 4A, |; 4B, I). The pattern observed for this latter mutant form of Psd1p is similar to
that of Psd1p mutants lacking 3 to 6 amino acids of SRS (Fig. 4A, c; d; e; 4B, c; d; e).
These data suggest that Gly-488 of the conserved flanking region is crucial for cleavage

of the a- and B-subuni and for the stability of the entire protein.
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Figure 4. The putative PS binding domain in the a-subunit is crucial for stability and
maturation of Psd1p. Mitochondria were isolated from the indicated yeast strains and
an equal amount of 20 pg mitochondrial protein were analyzed by SDS-PAGE and
immunodetection. (A) The detection of the Psd1p B-subunit was performed using an
antibody specific for the Psd1 B-subunits. (B) An anti-HA-specific antibody was used to
detect the C-terminally HA-tagged Psd1 a-subunit.
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A, non-cleaved form of Psd1p, in which a- and B-subunits are not separared. m, mature
Psd1p B-subunit. A, non-cleaved Psd1p fragment of 35 kDa e, mature Psd1p a-subunit
fused to the HA-tag.

Based on our Western blot studies we hypothesized that mutations in the
conserved motif of the a-subunit affect the autocatalytic processing of Psd1p. To test
this idea directly, we performed in vitro import of the different Psd1p mutant proteins.
To this end, [**S]Psd1p was incubated with isolated wild type yeast mitochondria.
Several maturation steps can be monitored by SDS-PAGE and autoradiography. First,
upon import the wild type Psd1p precursor is processed by MPP and Oct1p leading to
the formation of two intermediates of 51 and 50 kDa [19,26,45]. Second, autocatalytic
cleavage of the 4 kDa a-subunit can be detected by the formation of a mature -
subunit of 47 kDa. Finally, the import of Psd1p can be controlled by depletion of the
membrane potential, which results in the accumulation of the 56 kDa Psd1p precursor.
All imported intermediate and mature forms are protease resistant, whereas the
precursor form is sensitive to added proteinase K.

Precursors of Psd1p deletion mutants of the putative substrate recognition site
(Psd1ASRS, Psd1ASRS4, Psd1ASRS3 and Psd1ASRS2) as well as Psd1G488P were
imported, albeit with slightly reduced efficiency (Fig. 5 B; C; D; E; K). In all these cases
removal of the presequence occurred, but the autocatalytic processing was blocked
(see Fig. 4). Remarkably, the imported proteins were rapidly degraded as indicated by
the decreasing signal intensity upon longer import times. Thus, the mutations affected
the stability of Psd1p but did not compromise the import into mitochondria.
Interestingly, imported precursors of Psd1ALG, Psd1ADK, Psd1G482P and Psd1G492P
formed intermediate stages (Fig. 5 F; G; L), but removal of the a-subunit was delayed

(see Fig. 4). In contrast to the precursors of deletion mutants and Psd1G488P, the
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intermediate stages of these mutant forms accumulated over time indicating that these
proteins were not degraded. Finally, Psd1K486A and Psd1AX3 were imported and
processed, although the levels of the a-subunit were reduced in our Western blot
studies presented above (Fig. 5 H; |; J; see Fig. 4). Thus, various effects of the Psd1p
mutations can be distinguished: First, removal of the entire conserved motif or three to
five amino acids blocks autocatalytic processing and destabilizes the protein. Because
the biogenesis of Psd1G488P was similarly affected, this conserved residue flanking the
core of the conserved motif in the a-subunit is critical for maturation of Psd1p. Second,
Psd1ALG, Psd1ADK and Psd1G492P are impaired in separation of the a- and p-subunit,
but not generally destabilized. Third, import and processing of Psd1K486A, Psd1AX3

and Psd1G482P are largely comparable to wild type Psd1p.
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processing of Psd1p. **S-labeled precursors of the indicated Psd1p constructs were
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Psd1p after processing by MPP and Oct1p; m, mature form of Psd1p after autocatalytic
processing.
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3.4 Mutations of the Psd1p a-subunit conserved motif affect the activity of Psd1p

We asked whether the introduced mutations affect the enzymatic activity of
Psd1p. To address this question we performed two types of experiments. On the one
hand, we determined the phospholipid composition of isolated mutant mitochondria,
since a reduced Psd1p function is reflected by a decreased PE content [46-48]. On the
other hand, we measured the activity of Psd1p in vitro. To this end, radiolabelled [*H]PS
was added to mitochondria and its conversion to radiolabelled [*H]PE was measured. In
mutant mitochondria with a largely destabilized Psd1p the phospholipid composition
resembled that of psdlA mitochondria; the PE level was low whereas the relative
amounts of PS and PC were increased (Fig. 6, A.1). Psd1p activity was not detected
with mitochondria isolated from these mutants (Fig. 6 B.1). Psd1ADK and Psd1G492P
showed reduced enzyme activity and PE content, which is in accordance with the
decreased amount of the a-subunit (Fig. 6, A.2; 6, B.2). Interestingly, the mutant form
Psd1ALG showed a reduced activity (Fig. 6, A.2; 6, B.2) although its processing and
stability was only mildly affected (see Fig. 4). With mutants Psd1K486A and Psd1AX3
we tested whether positive charges of the consensus motif play an important role for
binding of the negatively charged substrate PS and therefore for the activity of Psd1p
[33,49]. Indeed, both mutants showed reduced Psd1p activity and a slightly decreased
PE content (Fig. 6, A.3; 6, B.3). However, the stability and autoprocessing of these
mutant forms of Psd1p were also clearly affected (see Fig. 4A and 4B, h; i). Therefore,
the loss of activity could be rather caused by the reduced amount of Psd1p a-subunit
than by a defect in substrate binding.

We conclude that we have two different types of Psd1p mutants: One set of

mutations affects stability and biogenesis of Psd1p, whereas in a second set of mutants
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primarily the activity of Psd1p is impaired. The loss of activity seems to be mainly
related to the amount of Psd1p a-subunit detected. In fact, there is a correlation
between the absence of a detectable signal corresponding to the a-subunit and the
overall catalytic activity of the enzyme. Furthermore, defects in the maturation of Psd1p
lead generally to lower levels of the Psd1p a-subunit with repercussions on Psd1p
activity. Exceptions are the Psd1p mutants Psd1ALG and Psd1G482P. In these mutants
the level of the a-subunits are comparable (Fig. 4B g; j), but the activity is more strongly
affected in Psd1ALG than in Psd1G482P (Fig. 6 B.2; B.4). Therefore, it seems that some
residues of the conserved motif play a dual role by affecting the stability and
biogenesis of Psd1p on the one hand, and on the other hand by directly influencing its
activity.

In summary, our data clearly show that the conserved motif of the a-subunit plays a
crucial role for biogenesis and stability of Psd1p, which as a consequence affects the

catalytic activity of the enzyme.
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Figure 6. Studies on the enzymatic activity of Psd1p mutant forms (A.1-4)
Mitochondria were isolated from the indicated yeast strains grown on selective medium
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containing galactose as carbon source. Lipids were extracted and individual
phospholipids were separated by thin-layer chromatography and quantified as
described (see section 2.4). The data represent the mean + SD of three independent
experiments. LP, lysophospholipids; Pl, phosphatidylinositol; PS, phosphatidylserine;
PE, phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin; DMPE,
dimethylphosphatidylethanolamine; PA, phosphatidic acid. (B.1-4) The activity of
phosphatidylserine decarboxylase was measured in vitro by using isolated mitochondria
from the indicated Psd1p mutant strains as enzyme source (see section 2.5). The
conversion of [*HJPS to [*H]PE was determined. The data represent the mean = SD of
three independent experiments.

4. DISCUSSION

In Saccharomyces cerevisiae, mitochondrial Psd1p plays a pivotal role by providing to
the cell the majority of PE produced by decarboxylation of PS [34,50-52]. The
biogenesis of Psd1p includes several steps of maturation ultimately leading to the
formation of an a- and B-subunit [19]. The interaction of both subunits in the
mitochondrial intermembrane space is prerequisite for the ability of Psd1p to
decarboxylate the polar head group of PS yielding PE [53] (see Fig. 1).

Identification of a conserved motif within the Psd1p a-subunit was performed using a
monoclonal anti-idiotypic antibody, 1d8F7, which specifically identifies PS-binding sites
in vitro [33]. This experiment led to the speculation that this subunit harbors an
important and essential part of the active domain of Psd1p. However, the effective role
of the conserved motif of the Psd1p a-subunit for the activity and the functionality of
the whole enzyme was never explored in detail.

The present study clearly demonstrates that the conserved motif, which was initially
termed putative PS-specific binding motif [33], plays indeed a critical role for the

enzymatic activity of Psd1p. Unexpectedly, however the mutations introduced in this
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conserved motif strongly compromised the stability and processing of Psd1p which as a
consequence affected the enzyme’s activity. Most interestingly, the degree of Psd1p
stability and its functionality strongly depended on the amino acid(s) that have been
deleted or substituted.

Among the Psd1p mutant forms we tested, deletion of the reported SRS of the
conserved motif within the a-subunit had the strongest impact on the functionality of
Psd1p. The respective protein Psd1ASRS turned out to be highly unstable, as the
protein amount imported in vitro into mitochondria declined upon longer incubation
time, and the size of the imported Psd1p fragment did neither correspond to the
mature Psd1p B-subunit nor to any of the intermediate forms (see Fig. 5 B). These data
are in line with the results obtained from the Western blot analysis, where any Psd1p
form was absent in mitochondria isolated from cells expressing PSDTASRS (see Fig. 4A,
b; Fig. 4B, b), explaining why expression of PSDTASRS did not rescue cell growth of a
psd1A mutant.

In contrast to Psd1ASRS, all other mutant forms investigated by this study were
detected in isolated mitochondria (see Fig. 4A; 4B). However, both Psd1p-specific
antibodies detected numerous bands in these mutant mitochondria. These latter
finding indicated that any manipulation in the conserved motif of the a-subunit affected
the stability of Psd1p. Although all Psd1p mutant forms were subject to degradation,
the mutations affected the stability of Psd1p differently (see Figs 4A; 4B; 5). The
strongest impact on the stability of Psd1p had the replacement of a conserved glycine
at position 488 (Psd1G488P), and deletion of 3 to 6 amino acids in the core of the
conserved motif of the a-subunit (Psd1ASRS4, Psd1ASRS3, Psd1ASRS2) (see Fig. 2). In
addition, these mutations impeded the autocatalytic cleavage of the Psd1p precursor

protein (see Figs 4A; 4B; 5). As separation of the a- and B-subunit is prerequisite for the
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enzymatic activity of the decarboxylase, it was not surprising that these Psdi1p
constructs: (i) failed to rescue cell growth of a psd1A strain on media lacking a
fermentable carbon source; (ii) did not contribute to the mitochondria PE level; and (iii)
were catalytically dead when tested in vitro (see Figs 3; 6, A.1; B.1). Noteworthy, a
defect in the autocatalytic processing and a strongly compromised stability of a Psd1p
mutant form are not necessarily linked to each other, because a mutation in the
conserved LGST motif of Psd1p, which similarly blocks separation of the a- and -
subunit, did not affect the stability of the respective Psd1p mutant form [19].

While deletion of 3 amino acids of the SRS of the a -subunit rendered Psd1p
completely instable, deletion of only two amino acids in this region affected the
stability of Psd1p to a lesser extent (see Figs 2; 4A; 4B; 5). The amount of the in vitro
imported Psd1p-variant Psd1ADK remained constant over time. In contrast, the signal
of Psd1ALG imported into isolated mitochondria slightly increased during the total
incubation time (see Fig. 5 F; G). The higher stability of the latter construct was similarly
reflected by a limited number of protein bands detected by Psd1p-specific antibodies
(see Figs 4A, g; 4B, g). However, the more striking difference between these two
constructs was the impact of the two-amino acids-deletion on the autocatalytic
processing. Deletion of Asp-483 and Lys-484, which are localized central in the
conserved motif of the a-subunit, strongly compromised self-processing of the
respective Psd1p-variant in vitro as well as in vivo (see Figs 4A; 4B; 5). By contrast,
Psd1ALG lacking Leu-491 and Gly-492 located at the extreme C-terminus of the
conserved motif, formed at steady state level an amount of the a- and B-subunit which
was comparable to that of wild type Psd1p (see Figs 4A, g; 4B, g). However, in the in
vitro assay following the processing and import of Psd1ALG only over 20 minutes a

prominent band corresponding to mature Psd1p was lacking (see Fig. 5 G). Therefore,
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it seems that lack of the amino acids Leu-491 and Gly-492 mainly affects the
autocatalytic processing by reducing the processing rate but not the processing itself.
Deletion of the two more central amino acids Asp-483 and Lys-484 in Psd1ADK had a
stronger impact than deletion of Leu-491 and Gly-492 (in Psd1ALG) at the C-terminal
end of the conserved motif (see Figs 2 to 6). However, when testing the impact of
individual glycine to proline replacements within the conserved motif we observed a
totally different effect. Substitution of Gly-482 adjacent to the central amino acids
deleted in Psd1ADK hardly affected stability and functionality of Psd1p (see Figs 3B;
4A, j; 4B, |; 5, J; 6, A4; 6, B.4). By contrast, replacement of Gly-488 caused complete
instability of the polypeptide; and substitution of the very last conserved glycine of the
motif at position 492 also markedly disturbed the stability of Psd1p, but at a lower
extent than the G488P exchange (see Figs 3B; 4A, k; I; 4B, k; I; 5, K; L; 6, A.1; 6, A.3; 6,
B.1; 6, B.3). Therefore, single point mutations in the conserved motif of the a-subunit
similarly affect the stability and thus functionality of Psd1p.

The highly conserved motif in the a-subunit of Psd1p was previously predicted to
function in the binding of the enzyme’s substrate PS [33]. As the head group of PS is
negatively charged, we examined whether the proposed interaction of protein and
substrate involves positively charged amino acids in the conserved motif of the a-
subunit. Indeed, replacement of positively charged amino acid(s) (see Fig. 2) affected
the enzyme activity of the respective Psd1p-variants (see Fig. 6 A.3; B.3). But as the
respective mutation(s) reduced the amount of Psd1p a- and f-subunit to a similar
extent as the activity, the specific activity of native and mutated Psd1p remained
comparable (see Fig. 4A, h; i; 4B, h; i). Thus, positively charged amino acids in the
conserved a-subunit of Psd1p do most likely not play a major role in binding of the

substrate PS.
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In summary, our data revealed that any manipulation in the conserved motif of the a-
subunit compromises the stability of Psd1p. A stronger impact of Psd1p sequence
manipulation on the stability of the PS decarboxylase results in a lower amount of the
mature enzyme, i.e., reduced amount of a- and B-subunit. This finding suggests a
competition between the machinery degrading a mutated Psd1p precursor protein and
the self-processing of the enzyme. As soon as the a- and B-subunit are separated, the
protein seems to be quite stable as concluded from the fact that these subunits were
detected at steady state level (see Fig. 4). Interaction of the a- and B-subunit is
mandatory for enzymatic catalysis [20,31,53]. As the amount of mature a-subunit (and
B-subunit) clearly correlated with the enyzme activity of Psdlp, it seems that
manipulations in the conserved motif of the a-subunit do not affect the interaction of
the subunits. Furthermore, this latter observation questions a direct function of the
conserved motif in catalysis. Therefore, although the structure of the a-subunit has not
been resolved yet, our data strongly suggest that the main function of the highly
conserved motif in the a-subunit is the proper positioning of amino acids which are

involved in the autocatalytic processing.
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ABSTRACT

Two protein translocases drive import of B-barrel precursors into the mitochondrial
outer membrane: The outer membrane translocase (TOM complex) promotes
transport of the precursor across the outer membrane, whereas the sorting and
assembly machinery (SAM complex) mediates subsequent folding and insertion of
the precursor into the target membrane. The biogenesis of B-barrel precursors is
particularly sensitive towards changes of the phospholipid composition of the
outer membrane. Phosphoethanolamine (PE) is required for the transport of the
precursor across the TOM complex, whereas deletion of cardiolipin (CL) affects
stability and function of both TOM and SAM complexes. PE and CL are both non-
bilayer forming phospholipids. Whether bilayer-forming phospholipids such as
phosphotidylcholine (PC), the most abundant phospholipid of the outer membrane,
are important for the import of B-barrel precursors is unclear. In this study we
showed that PC is required for stability and function of the SAM complex in the
biogenesis of p-barrel precursors. PC further promotes the SAM-dependent
assembly of the Tom22 precursor into the TOM complex, indicating a general role
PC for the SAM complex. In contrast to PE-deficient mitochondria precursor
accumulation at the TOM complex is not affected. Instead, We conclude that PC
and PE are required for distinct steps of the biogenesis of mitochondrial B-barrel

proteins.
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INTRODUCTION

B-Barrel proteins are present in the outer membrane of gram-negative bacteria and cell
organelles of endosymbiotic origin like mitochondria and plastids of plant cells (Schleiff
and Soll, 2005; Walther et al., 2009; Webb et al., 2012; Hohr et al., 2015). In
mitochondria B-barrel proteins fulfill essential functions. Tom40 forms the protein-
conducting channel of the translocase of the outer membrane (TOM complex), which
allows import of precursor proteins into mitochondria (Koehler et al., 2004; Baker et al.,
2007; Neupert and Herrmann, 2007; Endo and Yamano, 2009; Becker et al., 2012). The
voltage-dependent anion channel (VDAC,; porin in yeast) transports metabolites across
the outer membrane (Hiller et al., 2010; Columbini et al., 2012). The mitochondrial
distribution and morphology protein Mdm10 is a core component of the ER-
mitochondria encounter structure, which forms a molecular bridge between
mitochondria and the endoplasmic reticulum (ER) (Osman et al., 2011; Toulmay and
Prinz, 2011; Lang et al., 2015). Finally, Sam50 is the core subunit of the sorting and
assembly machinery (SAM complex, also termed TOB complex for topogenesis of
mitochondrial outer membrane B-barrel proteins), which is crucial for the biogenesis of
several outer membrane proteins (Endo and Yamano, 2010; Dukanovic and Rapaport,
2011; Webb et al., 2012; Becker et al., 2012; Hohr et al., 2015). All B-barrel proteins are
synthesized on cytosolic ribosomes as precursors and transported to the TOM
receptors Tom20, Tom22 and Tom70 on the mitochondrial surface (Krimmer et al.,
2001; Habib et al., 2005; Yamano et al., 2008). After passage of the outer membrane
via the Tom40 channel the precursors are delivered to the SAM complex (Wiedemann
et al., 2003; Paschen et al., 2003). This transfer step is promoted by two different

mechanisms. First, the TOM and SAM complexes form a supercomplex to promote
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efficient substrate channeling (Qiu et al., 2013). Second, small TIM chaperones of the
intermembrane space bind to the precursor, probably to shield hydrophobic patches
(Wiedemann et al., 2004; Hoppins and Nargang, 2004; Qiu et al., 2013). The SAM
complex mediates folding and membrane integration of the B-barrel precursor (Qiu et
al., 2013). The protein machinery consists of three subunits: The B-barrel forming
Sam50 (Tob55, Omp85) is the central components of the SAM complex and conserved
from bacteria to humans (Paschen et al., 2003; Kozjak et al., 2003; Gentle et al., 2004;
Ishikawa et al., 2004). It associates with the peripheral Sam35 (Tob38, Tom38) and
Sam37 (Mas37, Tom37) (Klein et al., 2012). Sam35 is crucial for initial binding of a
conserved B-signal within the last B-strand of the incoming precursor (Kutik et al., 2008;
Chan and Lithgow, 2008). Sam37 was reported to mediate the release of the substrate
proteins from the SAM complex and is crucial for the stability of the protein translocase
(Wiedemann et al., 2003; Chan and Lithgow, 2008; Dukanovic et al., 2009; Becker et
al., 2010; Lackey et al., 2011). Sam50 and Sam35 are essential for life, indicating the
central role of B-barrel biogenesis for mitochondrial function (Kozjak et al., 2003;
Paschen et al., 2003; Ishikawa et al., 2004; Waizenegger et al., 2004, Milenkovic et al.,
2004). Additionally, the SAM complex promotes the assembly of the p-barrel precursor
Tom40 with the small Tom proteins and Tom22 to form the mature TOM complex
(Dukanovic et al., 2009; Becker et al., 2010). In particular, a subpopulation of the SAM
complex that additionally contains Mdm10 is important for this process (Meisinger et
al., 2004; Stojanovski et al., 2007; Thornton et al., 2010; Yamano et al., 2010; Becker et
al., 2011).

The main phospholipids of mitochondrial membranes are phosphatidylcholine (PC),

phosphatidylethanolamine (PE), phosphatidylinositol (Pl), phosphatidylserine (PS) and
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cardiolipin (CL). Mitochondria are crucial for the biosynthesis of CL and PE, which do
not form lipid bilayers when isolated and are therefore termed non-bilayer forming
phospholipids (van den Brink-van der Laan, et al., 2004). The biosynthesis pathway of
CL is located within mitochondria (Osman et al., 2011; Horvath and Daum, 2013).
Furthermore, the PS decarboxylase (Psd1) of the mitochondrial inner membrane
produces the major amount of cellular PE in yeast cells (Clancey et al., 1993; Trotter et
al., 1993; Osman et al., 2011; Horvath and Daum, 2013). Studies with yeast strains
defective in CL or PE synthesis revealed various functions of non-bilayer phospholipids
for mitochondrial biogenesis including mitochondrial fusion and respiration (Jiang et al.,
2000; Pfeiffer et al., 2003; Zhang et al., 2005; Claypool et al., 2008; Gonzalvez et al.,
2008; DeVay et al., 2009; Mileykovska and Dowhan, 2009; Kuroda et al., 2011; Joshi et
al., 2012; Tasseva et al., 2013; Becker et al., 2013). In addition, CL and PE affect protein
transport processes driven by membrane-bound protein translocases in both
mitochondrial membranes (Jiang et al., 2000; Tamura et al., 2006; Gallas et al., 2006;
van der Laan et al., 2007; Kutik et al., 2008; Gebert et al., 2009; Tamura et al., 2009;
Tamura et al., 2012; Bottinger et al., 2012; Becker et al., 2013; Sauerwald et al., 2015).
The decreased respiratory chain activity in CL and PE depleted mitochondria leads to a
reduced membrane potential, which in turn impairs protein transport into and across
the inner membrane (Jiang et al., 2000; Pfeiffer et al., 2003; Kutik et al., 2008; Bottinger
et al., 2013; Tasseva et al., 2013). Surprisingly, studies on the role of CL and PE in the
import of mitochondrial p-barrel proteins revealed distinct functions of both
phospholipids. Although present in low amounts CL affects p-barrel biogenesis by
stabilizing TOM and SAM complexes (Gebert et al., 2009). In contrast, depletion of PE
affects B-barrel biogenesis at the stage of transport across the TOM complex, but does

not lead to destabilization of TOM and SAM complexes (Becker et al., 2013).

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 123



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

Altogether, these studies revealed that non-bilayer phospholipids are important for

several central processes of mitochondrial biogenesis and function.

Whereas the role of non-bilayer phospholipids for mitochondrial biogenesis was
explored to some extend, the role of bilayer-forming phospholipids like PC in these
processes was not investigated yet. PC is the most abundant phospholipids of
mitochondrial membranes (Sperka-Gottlieb et al., 1988; Zinser, et al., 1991). Two
pathways produce PC in the ER of yeast. First, enzymes of the CDP-choline pathway
(Kennedy pathway) utilize free choline to generate PC (Cole et al., 2012; Daum and
Horvath, 2013). Second, two PE methyltransferases (Pem1/Cho2 and Pem2/Opi3)
perform a three-step methylation of PE using S-adenosylmethione as donor of methyl
group. Pem1 catalyzes the first methylation step, while Pem2 is capable to promote all
three steps, but the last two steps with higher efficiency (Greenberg et al., 1983; Kodaki
and Yamashita, 1987; Summers et al., 1988; Kodaki and Yamashita, 1989; Gaynor and
Carman, 1990; Preitschopf et al., 1993). The biosynthesis of PC is essential for the
survival of the yeast cell (Kodaki and Yamashita, 1989). Mice deficient in PE
methyltransferase developed non-alcoholic steatohepatitis when fed with choline-
deficient diet (Li et al., 2006). In humans defects in the synthesis of PC were found in
patients suffering congenital muscular dystrophy (Mitsuhashi et al., 2011). Interestingly,
the patient cells contain mitochondria with abnormal morphology, pointing to a role of
PC in mitochondrial biogenesis (Mitsuhashi et al., 2011). Since PC is the most abundant
phospholipid it is important to build up the lipid bilayer of biological membranes.
However, it is unclear whether PC might also be required for the function of specific

membrane-integrated proteins.
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We investigated the role of PC in the biogenesis of mitochondrial p-barrel proteins.
Upon depletion of PC, the biogenesis of B-barrel proteins is severely impaired. PC is
specifically required for stability and function of the SAM complex in f-barrel
biogenesis as well as in the assembly of the TOM complex. In contrast to PE depleted
mitochondria the precursor binding to the TOM complex was not impaired. We
conclude that PC and PE are involved in different steps of b-barrel biogenesis in

mitochondria.

EXPERIMENTAL PROCEDURES

Yeast strains, growth conditions and isolation of mitochondria

The yeast strains pem 1A and pemZ2A strains and their corresponding wild-type BY4741
were obtained from Euroscarf. The psd1A strain and its corresponding wild-type were
described (Bottinger et al., 2012). Cells were grown to an early stationary growth phase
at 30°C in minimal medium containing 2% [v/v] glycerol and 0.1-0.2% [w/v] glucose as
carbon source. Mitochondria were isolated by differential centrifugation as described
(Bottinger et al., 2012), shock frozen in SEM buffer (10 mM MOPS/KOH, pH 7.2, 1 mM

ethylenediaminetetraacetic acid [EDTA], 250 mM sucrose) and stored at -80°C until use.

Protein import into isolated mitochondria

For import reaction **S-labelled proteins were synthesized in the presence of **S-
methionine using a cell-free coupled transcription/translation system based on

reticulocyte lysate (TNT, Promega). Subsequently, 3°S-labelled precursors were

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 125



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

incubated with isolated mitochondria in import buffer (20mM Tris/HCl pH 7.4, 3% [w/V]
BSA, 250 mM sucrose, 5 mM methionine, 80 mM KCl, 5 mM MgCl,, 10 mM
MOPS/KOH, pH 7.2, 2 mM KH2POJ) containing 4 mM ATP and 4mM NADH. Transfer
on ice stopped the import reaction. Mitochondria were reisolated by centrifugation and
washed with SEM buffer. The mitochondrial pellet was resuspended in lysis buffer (50
mM NaCl, 0.01mM EDTA, 10% [v/v] glycerol) containing 0.4-1% [w/v] digitonin for 15
min on ice. Unsoluble material was removed by centrifugation and the import was
analyzed by blue native electrophoresis. To study membrane-insertion of the imported
precursor, mitochondria were subjected to carbonate extraction as described (Thornton
et al., 2010). Before the import reaction aggregated precursor proteins were removed
by preincubation in import buffer without mitochondria. After removal of unsoluble

proteins by centrifugation mitochondria were added to start the reaction.

Co-immunoprecipitation

For co-immunoprecipiation antisera against Tom22 and its corresponding
preimmunserum were covalently coupled to protein A-Sepharose (GE Healthcare) with
dimethyl pimelimidate. lIsolated mitochondria were resuspended in lysis buffer
containing 1% [w/v] digitonin and incubated for 15 min on ice. Unsoluble material was
removed by centrifugation. The supernatant was incubated with the antibody matrix for
Th at 4°C under constant rotation. Subsequently, protein A-Sepharose beads were
washed with an excess amount of lysis buffer containing 0.1% [w/v] digitonin. Bound
proteins were eluted with 0.1 M glycine (pH 2.5). The eluate was immediately
neutralized by addition of 1M TRIS-Base and analyzed by SDS-PAGE and Western

Blotting.

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 126



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

Determination of the phospholipid content

The lipids of isolated mitochondria were extracted with a 2:1 (v/v) mixture of
chloroform/phenol as described (Horvath et al., 2012). Subsequently, the organic phase
was washed with 0.034 % [w/v] MgCl; solution, 4:1 (v/v) ratio of 2N KCl/methanol and a
mixture of methanol/water/chloroform (48:47:3, per volume). The individual
phospholipids were separated by thin-layer chromatography (Folch et al., 1957). For
detection, phospholipids were stained with iodine vapor, scrapped off and quantified

(Broekhuyse, 1968).

Miscellaneous

All antibodies used in this study have been described (Becker et al., 2013; Qiu et al.,
2013). After separation proteins were transferred from the gel onto a PVYDF membrane
(Millipore) by semi-dry Western blotting. For immunodetection, signals of the bound
antibodies were detected by chemoluminescence staining. **S-labelled proteins were
detected by digital autoradiography (Storm imaging system, GE Healthcare). The
experiments were analyzed by the Image J software, which is freely available on the

internet.
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RESULTS

Depletion of PC affects biogenesis of -barrel precursors

To study the role of PC in the biogenesis of mitochondrial -barrel precursors we used
yeast deletion strains pem 1A and pemZA, which are defective in the first and the two
last methylation steps of PE, respectively. To block production of PC by the CDP-
choline pathway we grew the cells on minimal medium lacking free choline. We used
glycerol as the major carbon source to ensure that mitochondrial function is required
for growth of the cells. The growth of pem2A is decreased under all temperatures
tested, whereas pem71A grew poorly at lower temperatures (Fig. 1A). The double
deletion of pem1A and pemZA is not viable without the supply of free choline,
revealing the central role of PC for yeast survival (Kodaki and Yamashita, 1989). We
isolated mitochondria from yeast cells grown at 30°C and analyzed the relative content
of the main phospholipids. As expected the levels PC are strongly decreased in the
mutants, whereas the relative levels PE and Pl are increased (Fig. 1B) (in pem2A cells
predominantly the monomethylated form of PE accumulates (Kodaki and Yamashita,
1987; Summers et al., 1988; Kodaki and Yamashita, 1989; Gohil et al., 2005), which
could not be separated here from PE). The PC content in pemZ2A mitochondria is more
severely reduced compared to pemIlA since Pem2 can also catalyze the first
methylation step, albeit with low efficiency, and therefore partially compensate for loss
of Pem1 (Preitschopf et al., 1993; Kodaki and Yamashita, 1987). We used these
mitochondria to study the impact of PC-depletion on the biogenesis of the model b-
barrel precursors Tom40 and porin. Upon import radiolabelled Tom40 forms three

assembly stages, which can be resolved by blue native electrophoresis: The Tom40
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precursors binds to the SAM complex (Fig. 1C, SAM), is subsequently released in
association with Tom5 (Int. ll) before it assembles into the mature TOM complex of 450
kDa size (TOM) (Wiedemann et al., 2003; Becker et al., 2010). In PC-deficient
mitochondria the integration of the Tom40 precursor into intermediate Il and the TOM
complex was largely compromised (Fig. 1C, lanes 1-9). In addition, in pem2A
mitochondria already the formation of the SAM intermediate was decreased (Fig. 1C,
lanes 1-9). Similarly, the assembly of imported porin precursor was impaired in PC
depleted mitochondria (Fig. 1D, lanes 1-9). For comparison, we studied f-barrel
biogenesis in psd1A mitochondria from cells grown on minimal medium like PC-
deficient mutants. In psd1A mitochondria the PC levels are increased, whereas PE is
decreased (Figure 1B) as described (Gohil et al., 2005; Becker et al., 2013). The import
of Tom40 and porin is blocked in psdTA mitochondria (Fig. 1C and 1D, lanes 10-15) like
it was observed in mitochondria from psd7A cells grown in complete medium (Becker
et al., 2013). We conclude that the biogenesis of p-barrel precursors depends on the

presence of both PC and PE.

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 129



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

A B
WT
. 3 70 Mitochondria
pem1A 24°C 2 1 = WT N
em24A S 60 - N pem
7 - O pem2A
WT § 50 4 O psd1a
pem1A 30°C g- 40 -
pem2A :_: 30 4
WT
37°C 5 201
14
pem E 104
pem2A 0
LP Pl PS PC PE CL DMPE PA
C - D
; = [ S]Tom40 T SAM intermediate Intermediate Il TOM complex
pem gm
Time (min)’ 5 10 40 '5 10 40°5 10 40 o
- 51004 5100 4 5100 4
R £ £
TOMLC —440 S 80+ S 804 S 80+
7] [ v
SAML ~W“‘-"‘ —232 < 60- 2 60- S 60-
B 404 B 0. B 40-
I 24 39 0
© 204 © 20 A © 204
— 66 ES =S ES
2 3 4 6 8 9 0- g < - 0- g <
1 4 5 7 = —
£33 SN SN
§ § § § § §
Q Q Q Q Q Q
E F
[*5S]Porin
o —pemis  WT __~ pem2A Mitochondria
Time(min)" 5 10 2005 10 20 5 10 20 p, 51004 mwWT
—660 E O pemiA
S 804 O pem2a
Porin 8
complexles I. ;‘a —232 0% 501
2 40
2
—140 ‘s 204
— 66 * 0
1 2 3 4 5 6 7 8 9 10
Time (min)
G
[3S]Tom40 [*S]Porin
f WT psdiA ' ! WT psdiA '
Time(min)~ 5 20 40''5 20 40 ' KkDa Time(min)"5 10 20" 5 10 20' kDa
— 660 — 660
SAM[ == —232 complexes —232
Int. IIC ot el
. - - 140 —140
| — 66
i i f : — 66
T2 3 4 5 6 7 8 9 10 11 12

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 130



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

Figure 1. A balanced PC/PE ratio is crucial for the biogenesis of mitochondria -
barrel proteins. (A) Serial dilution of WT, pem71A and pem2A cells were spotted on
minimal medium containing 2% glycerol and 0.2% glucose as carbon source. (B) The
phospholipid profile of WT, pemT1A and pemZA mitochondria were analyzed by thin-
layer chromatography. Shown is the quantification of the relative amounts of the major
phospholipid classes. Means +/- S.E. (?) (n="?). (C) + (D) *S-labelled Tom40 (C) or porin
(D) were imported for the indicated time periods into WT, pemTA, pem2A and psd1A
mitochondria. The import reaction was analyzed by blue native electrophoresis and
autoradiography.

PC is required for the stability of the SAM complex

We asked, which step of the biogenesis of B-barrel precursors is affected by depletion
of PC. We first analyzed the steady state levels of various mitochondrial proteins.
Protein levels of TOM and SAM subunits and other mitochondrial proteins are largely
comparble in the pem71A and pem2A to wild-type mitochondria (Fig. 2A). Importantly,
the content of the small TIM protein Tim10 of the intermembrane space was
unchanged, which promotes transfer of -barrel precursor protein to the SAM complex
(Wiedemann et al., 2004; Hoppins and Nargang, 2004; Qiu et al., 2013). Altogether, we
can exclude the possibility that a decreased steady state levels of translocase subunits
leads to impaired B-barrel biogenesis in the mutant mitochondria. Since the SAM
complex is crucial for B-barrel biogenesis, we wondered whether the integrity of the
SAM complex is affected upon PC-depletion. To tackle this issue we analyzed the SAM
complex in the mutant mitochondria by blue native electrophoresis. Two main
populations of the SAM can be resolved on blue native gels: The SAMce complex of
200 kDa consisting of the three SAM subunits and the SAM-Mdm10 complex of 350
kDa, which additionally contains Mdm10 (Fig. 2B; Meisinger et al., 2004; Thornton et
al., 2010; Yamano et al., 2010; Wideman et al., 2010; Becker et al., 2011; Klein et al.,
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2012). In the PC-deficient mitochondria an increased of Sam50-Sam35 subcomplex was
observed. In contrast, less Sam37 was detected at the SAM complexes in the mutant
mitochondria (Fig. 2B), although protein levels of Sam37 were not reduced in the
mutant mitochondria (Fig. 2A). We conclude that PC stabilizes the association of Sam37
to the Sam50/Sam35 subcomplex.

We analyzed whether the accumulation of precursors at the SAM complex
requires PC. To this end, we imported a Tom40 variant (Tom40asssn), Which is not
efficiently released from the SAM machinery (Kutik et al., 2008). Indeed, the binding of
Tom40cssaa to the SAM complex is decreased in pemTA and pemZA mitochondria (Fig.
3A). Precursor transfer to the SAM complex occurs via a TOM-SAM supercomplex (Qiu
et al., 2013). We have established an experimental system to study the precursor
binding to the TOM-SAM supercomplex. We imported a fusion construct of
cytochrome b2(220) and Tom40 (b2(220)Tom40) into mitochondria in the absence of a
membrane potential to prevent further transport of theb2(220)Tom40 construct via the
presequence pathway (Shiota et al., 2012; Qiu et al., 2013). Under these conditions
b2(220)Tom40 accumulates at the TOM-SAM supercomplex, which can be studied by
blue native electrophoresis (Qiu et al., 2013). Performing this assay in PC-deficient
mitochondria, we observed that the binding of by(220)Tom40 to the TOM-SAM
supercomplex is impaired in the mutant mitochondria (Fig. 3B). We conclude that

already the binding of B-barrel precursors to the TOM-SAM supercomplex requires PC.
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Figure 2. The SAM complex is destabilized in PC-depleted mitochondria. (A) The
indicated amounts of WT, pemTA and pem2A mitochondria were subjected to SDS-
PAGE and immunodetection with the indicated antisera. (B) WT, pem1A and pemZ2A
mitochondria were subjected to blue native electrophoresis and immunodetection with
the indicated antisera.

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 133



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

[55]b,(220)-Tom40
I 1
! pem1A WT pem2A ! T T ;;eml]% r SWT‘IO " Spemfék 1
Time(min)™5 20 '5 20" 5 20 ' |pa ime (min) : J

3 I ] I
— 660 TOM-SAM[‘@“”“ — 660

[*S]Tom40G354A

— 440
— 440
SAM [ i e — 232 — 232
— 140 J
— 66
— 140
1 2 3 4 5 6 - 6

1 2 3 - 5 6

Figure 3. Transfer of precursor proteins to the SAM complex is impaired in PC-
depleted mitochondria. (A) + (B) **S-labelled Tom40s3s:a (A) and b2(220)-Tom40 (B)
were imported for the indicated time periods into WT, pemTA and
pemZ2A mitochondria. The import reaction was analyzed by blue native electrophoresis
and autoradiography. Import of b2(220)-Tom40 was performed after depletion of the
membrane potential.

PC and PE differentially affect the function of the TOM complex

The import of B-barrel precursor into PE-depleted mitochondria is blocked at the TOM
stage (Becker et al., 2013). We wondered whether depletion of PC affect stability and
function of the TOM complex, leading to a decreased binding of B-barrel precursors to
the TOM-SAM supercomplex. The levels of the TOM complex of 450 kDa on blue
native gels are only mildly affected in PC-deficient mitochondria (Fig. 4A). Importantly,
no subcomplex of lower molecular weight was detected, reflecting that the TOM
complex remains stable in the mutant mitochondria. However, under these conditions
the association of the peripheral receptors Tom20 and Tom70 is lost (Meisinger et al.,
2001). To study the association of the peripheral TOM receptors, we performed co-

immunprecipiation using antibodies against Tom22. Both Tom20 and Tom70 are
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efficiently co-immunoprecipiated with antibodies against Tom22, but not with the
corresponding preimmunserum (Fig. 4B, lanes 5-8). We conclude that the TOM
complex remains largely intact in PC-depleted mitochondria. To analyze the capability
of the TOM complex to bind precursor proteins, we imported Oxal into the mutant
mitochondria in the absence of a membrane potential. Under these conditions the
hydrophobic Oxa’ precursor accumulates at the TOM complex, which can be detected
by blue native electrophoresis (Frazier et al., 2003). Strikingly, the binding of the Oxa'
precursor to the TOM complex is not impaired in PC-deficient mitochondria (Fig. 4C,
lanes 1-9). For comparison, the Oxal-TOM formation was largely compromised in
psd1A mitochondria (Fig. 4C, lanes 10-15; Becker et al., 2013). We conclude that the
stability and function of the TOM complex are not impaired in PC-deficient
mitochondria. Thus, PC affects the biogenesis of mitochondria p-barrel proteins at the
stage of the SAM complex and not at the TOM complex. In contrast, PE is
predominantly required for the transport of B-barrel precursor proteins across the TOM
complex (Becker et al., 2013). Thus, PC and PE are required for distinct steps in the

import of B-barrel proteins.
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Figure 4. Precursor binding to the TOM complex is not affected in PC-depleted
mitochondria. (A) WT, pem1A and pem2A mitochondria were subjected to blue native
electrophoresis and immunodetection with the indicated antisera. (B) Lysed WT, pem1A
and pemZA mitochondria were subjected to co-immunoprecipitation with Tom22
specific antibodies or with the corresponding preimmunserum (Pl). Load and elution
fractions were analyzed by SDS-PAGE and immunodetection with the indicated
antisera. (C) **S-labelled Oxal precursor was imported for the indicated time periods
into WT, pemTA and pemZ2A and psd1A mitochondria after depletion of the membrane

potential. The import reaction was analyzed by blue native electrophoresis and
autoradiography.

PC promotes the assembly of Tom22 into the TOM complex
We wondered whether PC is generally required for the function of the SAM complex. In

addition to the biogenesis of B-barrel precursors the SAM complex promotes insertion
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and assembly of the Tom22 precursor into the mature TOM complex (Stojanovski et al.,
2007; Thornton et al., 2010; Becker et al., 2011; Lackey et al., 2011). We imported 3S-
labelled Tom22 precursor into PC-deficient mitochondria. Strikingly, the assembly of
radiolabelled Tom22 into the mature TOM complex is largely compromised in pem1A
and pem2A mitochondria (Fig. 5A, lanes 1-9). For comparison, the integration of Tom22
into the TOM complex is only mildly delayed in psd1A mitochondria (Fig. 5A, lanes 10-
15) (Becker et al., 2013), revealing a specific role of PC in the function of the SAM
complex. Moreover, the assembly of the Tom20 was not affected in PC-deficient
mitochondria (Fig. 5B), which is imported into the outer membrane in a SAM-
independent manner (Wiedemann et al., 2003). SAM subunits promote membrane
integration of the Tom22 precursor (Stojanovski et al., 2007). Indeed, we found by
carbonate extraction that the insertion of Tom22, but not of the Tom20 precursor into
the outer membrane is compromised in pem71A and pem2A (Fig. 5C). We conclude
that PC promotes both functions of the SAM complex: the biogenesis of B-barrel

precursors as well as the assembly of Tom22 into the TOM complex.
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Figure 5. Biogenesis of Tom22 is impaired in PC-deficient mitochondria (A) *S-
labelled Tom22 precursor was imported for the indicated time periods into WT,
pemiA, pem2A and psd1A mitochondria. The import reaction was analyzed by blue
native electrophoresis and autoradiography. (B) *S-labelled Tom20 precursor was
imported for the indicated time periods into WT, pemTA, pem2A and psd1A
mitochondria. The import reaction was analyzed by blue native electrophoresis and
autoradiography. (C) **S-labelled Tom22 (upper panel) and Tom20 precursor (lower
panel) were imported for the indicated time periods into WT, pemlA and
pemZ2A mitochondria. Subsequently, mitochondria were subjected to carbonate

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 138



CHAPTER 3

PHOSPHATIDYLCHOLINE AFFECTS THE ROLE OF THE SORTING AND ASSEMBLY MACHINERY IN THE
BIOGENESIS OF MITOCHONDRIAL BETA-BARRELS PROTEINS

extraction. Proteins of the membrane pellets were analyzed by SDS-PAGE and
autoradiography. In the mock control no mitochondria were added to import reaction.

DISCUSSION

PC is the most abundant phospholipid of cellular membranes. PC is core
structural component to build up the phospholipid bilayer of biological membranes.
Besides its structural function the impact of PC on integral membrane proteins have not
been analyzed yet. Our study revealed that PC is specifically required for the
biogenesis of mitochondrial B-barrel proteins. This observation could have important
implications for pathologies like non-alcoholic steatohepatatis and congenital muscular
dystrophy, which developed in tissues defective in PC synthesis (Li et al., 2006;
Mitsuhashi et al., 2011).

Biogenesis of f-barrel proteins into the mitochondrial outer membrane is
particularly sensitive towards alterations of the phospholipid composition of the target
membrane. This protein import pathway involves the coordinated activity of two
membrane-bound protein translocases and the integration of precursor proteins into a
lipid bilayer. All these membrane-localized steps might render the biogenesis of -
barrel sensitive towards alteration of the phospholipid composition. So far, a role of the
non-bilayer forming phospholipids CL and PE was reported (Gebert et al., 2009; Becker
et al.,, 2013). Here, we identified a novel function of PC in this process. Surprisingly,
depletion of these three phospholipids affect different steps in the biogenesis of p-
barrel proteins. CL is required for the stabilization of TOM and SAM complexes (Gebert
et al., 2009). Depletion of PE affects binding of precursor proteins to the TOM

complex, but not the stability of the translocases (Becker et al., 2013). In this study, we
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showed that PC promotes function of the SAM complex, whereas the precursor
accumulation at the TOM complex remains largely unaffected upon depletion of PC.
Interestingly, import and assembly of the Tom22 precursor are largely compromised in
the PC-deficient mitochondria. Tom22 is imported via the SAM complex, indicating that
PC is generally important for SAM function in mitochondria. In contrast, the non-bilayer
forming phospholipids CL and PE are not required for the biogenesis of Tom22 (Gebert
et al., 2009; Becker et al., 2013). Moreover, the SAM-independent insertion of Tom20
occurs independently of CL, PE and PC (Gebert et al., 2009; Becker et al., 2013;
Sauerwald et al., 2015). Thus, PC is specifically required for the SAM-dependent protein
import pathways.

How do phospholipids affect TOM and SAM complexes? It was assumed that
non-bilayer forming property of CL and PE is important for the function of membrane-
bound proteins by increasing the curvature stress (van den Brink-van der Laan, 2004).
Here, we found that the bilayer-forming phospholipid PC promote the function of the
SAM complex, indicating that further properties of the phospholipids are crucial. The
charge of the headgroup is important feature of phospholipids. For instance, the
activity of the respiratory chain depends on both CL and PE (Pfeiffer et al., 2003; Zhang
et al., 2005; Bottinger et al.,, 2012; Tasseva et al., 2013). However, the negatively
charged headgroup of CL stabilizes the supercomplex of cytochrome ¢ reductase and
oxidase (Wenz et al., 2004), whereas depletion of PE does not affect the supercomplex
formation (Bottinger et al., 2012). PC and PE are the major phospholipids of the
mitochondrial outer membrane and contain both a neutrally charged headgroup.
Depletion of PE causes an accumulation of PC and vice versa, pointing to a close link
between both phospholipids (Gohil et al., 2005; Becker et al., 2013). Nevertheless, PE

and PC differentially affect outer membrane protein translocases in the biogenesis of f3-
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barrel proteins. Since depletion of PC does not affect the TOM complex, one can
speculate that the activity of the TOM complex specifically depends on the presence of
non-bilayer forming character of PE. Thus, charge of the head group and the bilayer
versus non-bilayer forming character seems to be important for the specific role of
phospholipids in the biogenesis of mitochondrial f-barrel proteins.

Altogether, phospholipids are required for distinct steps of the import of B-barrel
proteins into the mitochondrial outer membrane. Phospholipids specifically affect the
function of membrane-bound protein translocases and protein import steps. Thus, not
only protein components but also phospholipids are important for mitochondrial

protein biogenesis.
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ABSTRACT

Two protein translocases transport precursor proteins into or across the inner
mitochondrial membrane. The presequence translocase (TIM23 complex) sorts
precursor proteins with a cleavable presequence either into the matrix or into the
inner membrane. The carrier translocase (TIM22 complex) inserts multi-spanning
proteins into the inner membrane. Both protein import pathways depend on the
presence of a membrane potential, which is generated by the activity of the
respiratory chain. The non-bilayer forming phospholipids cardiolipin and
phosphatidylethanolamine are required for the activity of the respiratory chain and
therefore to maintain the membrane potential for protein import. Depletion of
cardiolipin further affects the stability of the TIM23 complex. The role of bilayer-
forming phospholipids like phosphatidylcholine (PC) in protein transport into the
inner membrane and the matrix is unknown. Here, we report that protein transport
across and into the inner membrane is impaired in PC-deficient mitochondria.
Surprisingly, depletion of PC does not affect stability and activity of the respiratory
supercomplexes and the membrane potential is maintained. Instead, the dynamic
TIM23 complex is destabilized when the PC levels are reduced, whereas the TIM22
complex remains intact. Our analysis revealed that initial precursor binding to the
TIM23 complex is impaired in PC-deficient mitochondria. We conclude that
reduced PC levels differentially affect the TIM22 and TIM23 complexes in
mitochondrial protein transport.

INTRODUCTION
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Mitochondria fulfill essential functions for the survival of the cell like energy conversion
to produce ATP, synthesis of amino acids, lipids and heme as well as the generation of
iron-sulphur clusters. They contain about 1000 proteins in yeast and 1500 proteins in
humans (1, 2). More than 99% of the mitochondrial proteins are synthesized as
precursors on cytosolic ribosomes. Mitochondria contain a sophisticated system of
protein translocases to import precursor proteins (3-9). The translocase of the outer
membrane (TOM complex) forms the general entry gate for most of the precursor
proteins. After passage of the TOM channel distinct protein translocases sort the
preproteins into the different subcompartments: the outer and inner membrane as well
as the two aqueous compartments the matrix and intermembrane space.

The majority of mitochondrial proteins are sorted into the inner membrane and
the matrix. Two inner membrane-bound protein complexes mediate protein import:
The presequence translocase (also termed TIM23 complex) transports precursor
proteins with a cleavable presequence into the inner membrane and the matrix,
whereas the carrier translocase (also termed TIM22 complex) inserts proteins with
multiple transmembrane segments into the inner membrane (3-9). The membrane
potential across the inner membrane provides the driving force for both protein import
pathways and is generated by the activity of the respiratory chain. Presequence-
containing preproteins are directly transferred from the TOM complex to the TIM23
complex (10, 11). The TIM23 complex consists of five subunits: Tim23 forms the
translocation channel, which is in close association with Tim17 (12, 13). The
intermembrane space exposed domains of Tim23, Tim50 and Tim21 facilitate
preprotein transfer from the TOM complex to the Tim23 channel (14-17). The fifth
TIM23 subunit Mgr2 (mitochondrial genome required) controls sorting of preproteins

into the inner membrane and stabilizes the association of Tim21 with the translocase

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 154



CHAPTER 4
PHOSPHATIDYLCHOLINE AFFECTS THE INNER MEMBRANE PROTEIN TRANSLOCASES OF MITOCHONDRIA

(18, 19). The TIM23 complex laterally releases precursor proteins into the inner
membrane (14, 20). For transport into the mitochondrial matrix the TIM23 complex
dynamically associates with the presequence translocase-associated motor (PAM). The
ATP-consuming activity of the mitochondrial Hsp70 within the PAM module completes
preprotein transport into the matrix (3-9). Finally, the presequence is removed by the
mitochondrial processing peptidase. Precursors of carrier proteins lack such a cleavable
presequence. Small TIM chaperones guide these hydrophobic preproteins from the
TOM complex to the carrier translocase. The TIM22 complex consists of four
membrane-bound subunits. Tim54 mediates the docking of the preprotein-loaded
small TIM chaperones to the carrier translocase (21-23). Tim22 forms a twin-pore to
insert preproteins into the inner membrane (24-26). Finally, Tim18 and Sdh3 are
required to warrant assembly and stability of the TIM22 complex (27-29).

Mitochondrial membranes contain five major phospholipids: phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (Pl), phosphatidylserine (PS)
and cardiolipin (CL). The majority of these phospholipids are synthesized in the
endoplasmic reticulum. CL and PE are synthesized in the inner mitochondrial
membrane (30-34). The CL biosynthesis pathway consists of multiple steps (30-34),
whereas PE is produced by decarboxylation of PS by the phosphatidylserine
decarboxylase 1 (Psd1) (35-37). In yeast Psd1 is the major source of cellular PE under
standard growth conditions (38). However, further sources for cellular PE exist. Psd2 of
the vacuolar/Golgi membrane, the activity of the acyltransferases Tgl3 and Ale2 as well
as the CDP-ethanomamine (Kennedy pathway) produce additional amounts of PE (38-
42). Isolated CL and PE do not form membrane bilayer structures and are regarded as
non-bilayer forming lipids (30, 43). Both phospholipids are crucial for mitochondrial

function and morphology (44-46). Double deletion of Psd1 with the cardiolipin synthase

PHOSPHOLIPIDS IN MITOCHONDRIAL MEMBRANES FROM SACCHAROMYCES CEREVISIAE | 155



CHAPTER 4
PHOSPHATIDYLCHOLINE AFFECTS THE INNER MEMBRANE PROTEIN TRANSLOCASES OF MITOCHONDRIA

Crd1 is lethal confirming the closely related functions of CL and PE (47). Studies of the
last years revealed specific roles of CL and PE in protein transport into mitochondrial
subcompartments (30, 31, 48). In mutants defective in CL or PE synthesis the
biogenesis of outer membrane b-barrel proteins is affected (49, 50). Whereas CL is also
required for the import of proteins with multiple a-helical membrane spans into the
outer membrane, this import pathway remains largely unaffected in PE deficient
mitochondria (50, 51). Furthermore, both phospholipids promote protein transport into
the inner membrane and matrix (52-57). First, binding of preproteins to the TOM
complex is disturbed in PE and CL deficient mitochondria (49, 50). Second, the activity
of the respiratory chain complexes, in particular of the cytochrome ¢ oxidase (complex
IV) is decreased in mitochondria with reduced PE or CL content (57-59). Consequently,
the membrane potential is decreased and fails to drive protein translocation via TIM23
or TIM22 translocases (52, 55, 57). CL and PE exhibit distinct roles in the stability of
protein complexes. Whereas deletion of CL affects the stability of respiratory chain
supercomplexes as well as of the TOM and TIM23 translocases, these protein
complexes remain largely intact in PE deficient mitochondria (49, 50, 53-58, 60-62). CL
associates with respiratory chain complexes (63, 64) and stabilizes the interaction of the
cytochrome ¢ reductase (complex lll) and complex IV via its negatively charged
headgroup (65).

The role of bilayer-forming phospholipids in mitochondrial function is poorly
understood. Phosphatidylcholine (PC) is the most abundant phospholipid of the
mitochondrial membranes (66, 67). Two pathways in the endoplasmic reticulum
produce cellular PC. First, within the Kennedy pathway free choline is activated via
phosphorylation and subsequent binding to CDP. CDP-choline is then linked to

diacylglycerol to form PC (31, 68). Second, PE can be methylated in three steps to
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produce PC. Pem1/Cho2 promotes the first methylation step, whereas Pem2/Opi3 is
capable of performing all three methylation steps, but the last two with higher
efficiency (69-74). PC is essential for the survival of the cell (72). Recent studies revealed
that cells with decreased PC levels show a reduced growth under non-fermentative
conditions and that the biogenesis of outer membrane p-barrel proteins is impaired in
mitochondria isolated from these cells (75). The role of PC for protein transport into the
inner mitochondrial subcompartments is unknown.

We studied protein transport into the inner membrane and matrix in
mitochondria isolated from mutants defective in PC biosynthesis. We found that the
import of both precursors with a cleavable presequence and carrier proteins is reduced
in the mutant mitochondria. Strikingly, depletion of PC does not decrease the activity of
the respiratory chain nor the membrane potential across the inner membrane.
Decreased PC levels differentially affect the stability of TIM23 and TIM22 translocases.
Whereas TIM23 translocase is destabilized, the TIM22 complex remains intact. The
arrest of a preprotein in the TOM-TIM23 supercomplex is impaired, indicating that PC
affects initial binding of precursor proteins to the TIM23 translocase. Altogether,
depletion of PC specifically affects the function of inner membrane protein translocases

of mitochondria.
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EXPERIMENTAL PROCEDURE

Yeast strains, growth conditions and isolation of mitochondria

The yeast strains pem1A, pem2A, psd1A and their corresponding wild-type BY4741
have been described (75). The cells were grown at 30°C on minimal medium containing
a non-fermentable carbon source (0.67% [w/v] yeast nitrogen base without amino acids
(Difco), 0,077% [w/v] SC amino acid mixture (MP Biomedicals), 2% [v/v] glycerol or
lactate and 0.1-0.2% [w/v] glucose). Cells were harvested at mid-logarithmic growth
phase and mitochondria were isolated by differential centrifugation as described (76). In
brief, the cell wall was disrupted by incubation with 0.1 M Tris/HCI pH 9.4, 10 mM DTT
and subsequent treatment with zymolase (Nacalai Tesque) in 1.2 M sorbitol, 20 mM KP;
pH 7.2. The generated spheroplasts were resuspended in homogenizing buffer (0.6 M
sorbitol, 10 mM Tris/HCl pH 7.4, 1 mM EDTA, 1 mM PMSF and 0.2% [w/v] BSA) and
disintegrated by using a Dounce Homogenizer. Subsequently, cell debris was removed
by centrifugation and mitochondria were isolated. Mitochondrial protein concentration
was adjusted to 10 mg/ml in washing buffer (10 mM MOPS/KOH pH 7.2, 1 mM EDTA,
250 mM sucrose). Subsequently, mitochondria were shock frozen in liquid nitrogen and

stored at -80°C until use.

Protein import into isolated mitochondria and blue native electrophoresis

Radiolabeled precursor proteins were synthesized in a cell-free translation system
based on reticulocyte lysate (TNT, Promega) in the presence of [*S]methionine. For the

import reaction isolated mitochondria were incubated with the radiolabeled precursor
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protein in import buffer (3% [w/v] BSA, 250 mM sucrose, 5 mM methionine, 80 mM KCl,
5 mM MgCl;, 10 mM MOPS/KOH pH 7.2, 10 mM KH:PQO,) containing 2 mM ATP, 2 mM
NADH, 5 mM creatine phosphate and 0.1 mg/ml creatine kinase. The import reaction
was stopped by transfer on ice and by addition of 8 MM antimycin, 1 mM valinomycin
and 20 mM oligomycin to dissipate the membrane potential. In control reactions the
membrane potential was dissipated before the import reaction was started. Non-
imported proteins were removed by treatment with proteinase K (50 mg/ml) for 15 min
on ice. The protease was inactivated by an excess amount of PMSF. Mitochondria were
reisolated and washed with washing buffer. The mitochondrial pellet was solubilized in
Laemmli buffer and proteins were separated by SDS-PAGE. The import of carrier
proteins was studied by blue native electrophoresis. To this end, mitochondria were
reisolated after the import reaction, washed with washing buffer, resuspended in lysis
buffer (20 mM Tris/HCl pH 7.4; 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol)
containing 1% [w/v] digitonin and incubated for 15 min on ice. The sample was
subjected to centrifugation to remove insoluble material. Protein complexes were

separated by blue native electrophoresis (77).

Arrest of precursor proteins

To arrest precursors of cytochrome b,-DHFR, AAC-DHFR and Om45-DHFR in the TOM
complex, import reactions were performed as described above. The stable folding of
the DHFR-domain was induced by the presence of 5 mM methotrexate (10, 11). Oxa'

was accumulated in the TOM complex upon dissipation of the membrane potential (57,

75).
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In-gel activity assays

The activity of the FiFo-ATP-synthase was determined by in-gel activity assays (78, 79).
Mitochondrial protein complexes were separated by blue native electrophoresis. The
blue native gel was washed in ATP buffer (5 mM MgCl;, 50 mM glycine pH 8.4, 20 mM
ATP) for 20 minutes at room temperature. Subsequently, the gel was incubated with
10% [w/v] CaCl; solution until the CaP; precipitate appeared. The activity of the
cytochrome ¢ oxidase was determined by in-gel activity stain (80). Protein complexes
were separated by blue native electrophoresis. The gel was washed with 50 mM KP; pH
7.2. Subsequently, the gel was incubated with 1 mg/ml reduced horse cytochrome c in
50 mM KPi pH 7.2 in the presence of 1 mg/ml diaminobenzidine to stain active

cytochrome c oxidase.

Measurement of the membrane potential

To determine the membrane potential across the inner mitochondrial membrane,
isolated  mitochondria were incubated with the fluorescent dye 3,3-
dipropylthiadicarbocyanine iodide (DISC3) in potential buffer (0.6 M sorbitol, 0.1% [w/v]
BSA, 10 mM MgCl,, 0.5 mM EDTA, 20 mM KP: pH 7.2) supplemented with 5 mM
succinate and 5 mM malate (55, 57). DISC; is taken up by mitochondria in a membrane-
potential-dependent manner, which results in quenching of the fluorescence signal at
670 nm (52). To determine the specificity of the measured signals, valinomycin was
added to 1 mM final concentration, which dissipates the membrane potential leading to

a release of DISC; from mitochondria. All measurements were performed with an
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Aminco Bowman Il Luminescence Spectrometer (Thermo Electron) using a Hellma-

101.0S cuvette and the AB2 software (Thermo Electron).

Phospholipid analysis

Extraction of phospholipids from isolated mitochondria was performed with a 2:1 (v/v)
mixture of chloroform/methanol as described (37, 75, 81). The lipids in the organic
phase were washed with 0.034 % [w/v] MgCl,, a 4:1 (v/v) mixture of 2 N KCl/methanol
and subsequently with a mixture of methanol/water/chloroform (48:47:3, per vol.). Two-
dimensional thin-layer chromatography was used to separate the individual
phospholipid classes (82). Finally, phospholipids were stained with iodine vapor,
scrapped off and quantified (83).

Miscellaneous

For the detection of mitochondrial proteins we used a large set of polyclonal antisera.
To exclude cross-reactions all immunosignals were validated with mitochondria isolated
from the corresponding mutant strains (57,84). Proteins were transferred from SDS-
PAGE and blue native gels onto a PVDF membrane (EMD Milipore) via semi-dry
Western blotting. Immunosignals were detected by enhanced chemiluminescence (85)
and visualized on x-ray films (Medix XBU) or via LAS3000 image reader (FujiFilm).
Radiolabeled proteins were visualized by autoradiography (Storm imaging system, GE
Healthcare and FLA-9000, FujiFilm). We used the Image J version 1,46r (National
Institutes of Health) software to analyze autoradiograms. Images were processed with

Photoshop CS5 (Adobe) and arranged in figures using lllustrator CS5 (Adobe). Where
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indicated by separating white lines non-relevant bands were digitally removed.
Quantifications were performed with the Image Quant version 5.2 (GE Healthcare)

software.

RESULTS

Depletion of PC impairs protein transport into the inner membrane and the matrix

To study the role of PC in protein transport into and across the inner mitochondrial
membrane, we chose pem1A and pemZ2A strains, which are defective in the methylation
pathway of PE to produce PC (69-74). Yeast cells were grown in minimal medium to
block the synthesis of PC from free choline via the Kennedy pathway. We used a non-
fermentable carbon source to promote mitochondrial function. We determined the
phospholipid profiles in total cell extract and in isolated mitochondria. The relative
amounts of PC were strongly reduced in the cell extract and mitochondria of both
mutants, but more severely in pemZA mitochondria (Fig. 1A). As reported the content
of PE was drastically increased (47, 69-72, 75) (Fig. 1A). In pem2A mitochondria the
monomethylated form of PE accumulated (47, 69-72), but was not separated here from
PE. For comparison, we determined the phospholipid profile of psd1A mutant, which
was grown under the same conditions like pemTA and pemZ2A cells. Particularly,
mitochondrial PE is strongly reduced, whereas the relative levels of total cellular PE are
only mildly decreased in the psd1A mutant (Fig. 1A). The PC content is strongly
increased in cell extract and mitochondria compared to wild-type cells (Fig. 1A). Under
these growth conditions PC in psdTA cells is synthesized by methylation of PE, which is

predominantly produced by Psd2 (38). Thus, it is crucial for the yeast cells to maintain
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certain amounts of PC/PE although the ratio can vary drastically. In the PC and PE-
deficient mutants the mitochondrial Pl levels are increased, whereas other the content
of other phospholipids remains largely comparable to wild-type (Fig. 1A).

We isolated mitochondria to analyze import of presequence-containing proteins.
We chose three model precursor proteins for our studies: Precursor of the model
preprotein Su9-DHFR and of the Fib-subunit of the FiFo-ATP-synthase are transported
into the matrix, whereas the precursor of cytochrome b>-DHFR is sorted into the inner
membrane. Radiolabeled precursor proteins were synthesized and incubated with
isolated mitochondria. Non-imported precursor proteins were removed by addition of
proteinase K. Successful translocation into mitochondria can be monitored by the
detection of the mature band, which is formed after proteolytic removal of the
presequence by the mitochondrial processing peptidase. The precursor of cytochrome
b2-DHFR is processed in a second step by Imp1 (86), which results in the presence of an
intermediate band. The import of all three precursor proteins was moderately reduced
in pemTA and pemZ2A mitochondria (Fig. 1B). For comparison imports of Su9-DHFR and
F1b-subunit of were strongly impaired in psd1A (Fig. 1C). Carrier proteins lack such a
cleavable presequence. To determine the import of the ADP-ATP carrier (AAC) and of
the dicarboxylate carrier (DiC), we monitored their assembly into the inner membrane.
Therefore, mitochondria were solubilized with the mild detergent digitonin and protein
complexes were separated by blue native electrophoresis. The import of both carrier
proteins was impaired in pem 1A and pemZ2A mitochondria (Fig. 2A). Again, the import
of the AAC precursor was more strongly affected in psdTA mitochondria (Fig. 2B).
Altogether, we conclude that reduced PC levels affect protein import via the
presequence and carrier pathway. The TIM23- and TIM22-dependent protein import is

more severely impaired in PE-deficient mitochondria.
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Figure 1. Import of presequence-containing precursor proteins into the
mitochondrial inner membrane and matrix is affected in PC-deficient mitochondria.
(A) The relative amounts of phospholipids from total cell extract (left panel) and isolated
mitochondria (right panel) from pemTA, pem2A and psd1A cells were determined.
Depicted are mean values of three independent experiments with their corresponding
S.E.IM.. LP, lyso-phospholipids; DMPE, dimethylphosphatidylethanolamine; PA,
phosphatidic acid; PG, phosphatidylglycerol. (B) **S-labeled precursors of Su9-DHFR,
Fib and cytochrome b,-167-DHFR were imported for the indicated time periods into
wild-type (WT), pemT1A and pem2A mitochondria. Non-imported precursor proteins
were proteolytically removed by proteinase K. Upper panel, the import reaction was
analyzed by SDS-PAGE and autoradiography. p, precursor form. i, import intermediate;
m, mature protein. Lower panel, quantifications of the import reactions of the upper
panel are shown. Depicted are the mean values and their corresponding S.E.M. of 7
(Su9-DHFR), 6 (Fib) and 4 (b.-167-DHFR) independent import experiments. Statistical
significant differences based on an unpaired t-test of the individual import time points
in mutant mitochondria related to wild-type control are depicted (*p < 0.05; **p < 0.01;
***p < 0.001; n.s. not significant). (C) **S-labeled precursors of Su?-DHFR and Fib were
imported for the indicated time periods into wild-type (WT) and psdTA mitochondria.
Non-imported precursor proteins were proteolytically removed by proteinase K. Upper
panel, the import reaction was analyzed by SDS-PAGE and autoradiography. p,
precursor form. i, import intermediate; m, mature protein. Lower panel, quantifications
of the import reactions of the upper panel are shown. Depicted are the mean values
and their corresponding S.E.M. of 4 (Su9-DHFR) and 3 (Fib) independent import
experiments. Statistical significant differences based on an unpaired t-test of the
individual import time points in mutant mitochondria related to wild-type control are
depicted (*p < 0.05; **p < 0.01; ***p < 0.001; n.s. not significant).

PC is not required for stability and activity of the respiratory chain

Two scenarios are conceivable to explain the defective protein import into and across
the inner mitochondrial membrane in the mutant mitochondria. First, the membrane
potential could be decreased, which would cause a delayed protein transport. Second,

the functions of the TIM23 and TIM22 translocases could be disturbed. To

experimentally address the first possibility, we determined the membrane potential of
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isolated mitochondria. In this assay, a fluorescent dye is taken up by isolated
mitochondria in a membrane potential-dependent manner, which results in a
quenching of the fluorescence signal (52). Fluorescence signals close to wild-type
mitochondria indicate that the membrane potential is intact. Reduced membrane
potential results in less quenching of the fluorescence compared to the wild-type
control. Addition of the ionophore valinomycin dissipates the membrane potential,
which causes a release of the dye from mitochondria and restoration of the fluorescent
signal (Fig. 3). Unexpectedly, following this experimental strategy we observed that the
membrane potential remained largely unaffected in pemTA and pem2A compared to
wild-type mitochondria (Fig. 2). Thus, protein import into or across the inner membrane
of PC-deficient mitochondria is not impaired by dissipated membrane potential. In
contrast, the membrane potential was compromised in mitochondria isolated from
psd1A (Fig. 3) cells like reported previously (57). The diminished membrane potential in
psd1A mitochondria leads to strongly impaired protein import via the TIM23 and TIM22
complexes (Figs. 1C and 2B). We conclude that the membrane potential was
differentially affected by depletion of PC or PE.

The non-bilayer forming phospholipids PE and CL are required for full activity of
the respiratory chain, which generates the membrane potential across the inner
membrane (52, 55, 57-59). Thus, we wondered whether the respiratory chain
complexes were present and functional in PC-deficient mitochondria. The steady state
levels of various subunits of the respiratory chain were largely unchanged in mutant
compared to wild-type mitochondria (Fig. 4A). We only observed a mild reduction of a
few components of the cytochrome c oxidase (complex V) (Fig. 4A). Cytochrome ¢
reductase (complex Ill) and complex IV of the respiratory chain form supercomplexes,

which can be analyzed by blue native electrophoresis. In yeast, one or two copies of
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complex IV associate with a dimer of complex Il (87, 88). We found that these
supercomplexes were present in pem 1A and pem2A like in wild-type mitochondria (Fig.
4B, lanes 1-15). Furthermore, the reduced PC content did not affect the stability of the
succinate dehydrogenase (complex Il) and of the Fi1Fo-ATP-synthase (Fig. 4B, lanes 16-
21). We conclude that the respiratory chain complexes were not destabilized in pem1A
and pemZ2A mitochondria. In psd1A mitochondria respiratory chain supercomplexes are
stable, but the activity of particular complex IV is decreased (57). To directly visualize
the activity of respiratory chain supercomplexes, we performed in-gel activity stain of
complex IV (80). Strikingly, the amount of active complex IV was not reduced in pem1A
and pemZ2A mitochondria (Fig. 4C). Similarly, the activity of the monomeric and dimeric
FiFo-ATP-synthase (complex V) was not affected in the mutant mitochondria (Fig. 4D).
We conclude that depletion of PC did not affect the stability and function of the
respiratory chain supercomplexes. Consequently, the respiratory chain is capable to
establish a membrane potential in PC-deficient mitochondria, which is comparable to

wild-type mitochondria.
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Figure 2. Import of carrier proteins into the mitochondrial inner membrane and
matrix is affected in PC-deficient mitochondria. (A) **S-labeled precursors of AAC and
DiC were imported for the indicated time periods into wild-type (WT), pemTA and
pemZA mitochondria. Upper panel, the import reaction was analyzed by blue native
electrophoresis and autoradiography. Lower panel, quantifications of the import
reactions of the upper panel are shown. Depicted are the mean values and their
corresponding S.E.M. of 5 independent import experiments. Statistical significant
differences based on an unpaired t-test of the individual import time points in mutant
mitochondria related to wild-type control are depicted (*p < 0.05; **p < 0.01; ***p <
0.001; n.s. not significant). (B) **S-labeled precursor of AAC was imported for the
indicated time periods into wild-type (WT) and psd1A mitochondria. Upper panel, the
import reaction was analyzed by blue native electrophoresis and autoradiography.
Lower panel, quantifications of the import reactions of the upper panel are shown.
Depicted are the mean values and their corresponding S.E.M. value of 5 independent
import experiments. Statistical significant differences based on an unpaired t-test of the
individual import time points in mutant mitochondria related to wild-type control are
depicted (**p < 0.01; ***p < 0.001; n.s. not significant).

Mito. Valinomycin
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Figure 3. The membrane potential across the inner mitochondrial membrane is not
affected in PC-deficient mitochondria. The membrane potential of wild-type (WT),
pem1A, pemZA and psd1A mitochondria was determined by the membrane potential-
dependent uptake of the fluorescent dye DISC; into mitochondria as described in
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experimental procedures. When indicated valinomycin was added to release DISC;
from mitochondria. Mean values of three independent measurements are depicted.
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Figure 4. Depletion of PC does not perturb stability and activity of the respiratory
chain supercomplexes (A) The indicated amounts of mitochondrial proteins from wild-
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type (WT), pem1A and pemZA cells were separated by SDS-PAGE and detected by
immunodetection with the indicated antisera. Sdh, succinate dehydrogenase, Qcré,
subunit 6 of the ubiquinol-cytochrome ¢ oxidoreductase (complex lll); Rip1, Rieske iron-
sulfur protein 1 (complex lll), Cox, subunit of the cytochrome ¢ oxidase (complex IV),
Atp, subunit of the FiFo-ATP-synthase (complex V) (B) WT, peml1A and pem2A
mitochondria were lysed under native conditions and subjected to blue native
electrophoresis. Protein complexes were analyzed by immunodetection with the
indicated antisera. (C) WT, pem1A and pemZA mitochondria were lysed under native
conditions and subjected to blue native electrophoresis. The activity of complex IV
(cytochrome c oxidase) was detected by in-gel activity stain. (D) WT, pem71A and
pemZ2A mitochondria were lysed under native conditions and subjected to blue native
electrophoresis. The activity of complex V (F1Fo-ATP-synthase) was detected by in-gel
activity stain.

Depletion of PC differentially affects the stability of inner membrane protein

translocases

We excluded the possibility that a decreased membrane potential caused the defective
protein import across and into the inner membrane of PC-depleted mitochondria.
Therefore, we asked whether the stability of the protein translocases was affected in
PC-deficient mutant mitochondria. The steady state levels of various subunits of the
TIM23 and TIM22 translocases as well as of control proteins were unchanged in pem7A
and pem2A in comparison to wild-type mitochondria (Fig. 5A). Notably, the steady
state levels of Tim10 were largely unaffected in these mutant mitochondria as well (Fig.
5A) (75). Small TIM chaperones like Tim10 are essential for transport of carrier
precursors through the intermembrane space to the TIM22 translocase (22, 23). Next,
we analyzed the stability of the protein translocases by blue native electrophoresis and
Western blotting. The TIM23 translocase is a highly dynamic protein complex, which

forms two complexes on a blue native gel: The TIM23 core complex consists of Tim23,
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Tim17 and Tim50, whereas the TIM23 sorting form additionally contains Tim21 (14, 53).
Strikingly, in pem71A and pem2A mitochondria both TIM23 forms were reduced when
detected with antibodies raised against Tim17 or Tim23 (Fig. 5B). Thus, depletion of PC
affects the integrity of the TIM23 translocase. In contrast, the formation of the TIM22
complex remained largely unaltered in pemTA and pemZ2A mitochondria as shown by
detection with antibodies specific for Tim22 and Tim54 (Fig. 5C). As control the MIA
machinery, the TOM complex and the Hspé0 ring complexes were normally formed in
the mutant mitochondria (Fig. 5D). We conclude that depletion of PC differentially
affects the stability of the inner membrane protein translocases. Whereas the dynamic

TIM23 complex is destabilized, the carrier translocase is formed normally.
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Figure 5. Depletion of PC differentially affects the stability of inner membrane
protein translocases. (A) The indicated amounts of mitochondrial proteins from wild-
type (WT), pem1A and pemZA cells were separated by SDS-PAGE and detected by
immunodetection with the indicated antisera. Mgr2, mitochondrial genome required;
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AAC, ADP-ATP carrier; Mge1, mitochondrial GrpE; Ccp1, cytochrome c peroxidase 1;
Aco1, aconitase, Ilv2, isoleucine plus valine requiring (B - D) WT, pem71A and pem2A
mitochondria were lysed under native conditions and subjected to blue native
electrophoresis. Protein complexes were analyzed by immunodetection with the
indicated antisera. TIM23, presequence translocase; TIM22, carrier translocase; MIA,
mitochondrial intermembrane space import and assembly; TOM, translocase of the
outer membrane; Hspb0;, Hspb0 heptamer; Hspb0i, HspbO tretadecamer.
Quantifications of the protein complexes were shown. Depicted are the mean values
with their corresponding S.E.M. of 4 (Hsp6014), 7 (Tim17 (TIM23core), Tim22, Mia40), 8
(Tim23 (Tim23core) and 9 (Tom22) independent experiments. Statistical significant
differences based on an unpaired t-test for the TIM23 complex in mutant mitochondria
related to wild-type control are depicted (**p < 0.01; ***p < 0.001).

Depletion of PC affects precursor transfer to the TIM23 complex

Precursor proteins are first transported across the outer membrane via the TOM
complex and then directly transferred to the TIM23 translocase. We wondered whether
the initial binding of the precursor to the TIM23 complex is affected in PC-deficient
mitochondria. To this end, we arrested a variant of the precursor of cytochrome b;
(b2(167)D-DHFR) that lacks the inner membrane-sorting signal at an early import stage.
In the presence of a membrane potential and methotrexate the radiolabeled
cytochrome b portion passes the TOM complex and engages the TIM23 complex.
Addition of methotrexate induces a stable folding of the DHFR-moiety, which blocks its
passage through the TOM channel. Consequently, the cytochrome bx(167)D-DHFR
construct gets arrested in the TOM-TIM23 supercomplex, which can be analyzed by
blue native electrophoresis (10, 11). Strikingly, the accumulation of this precursor in the
TOM-TIM23 supercomplex was decreased in both mutant mitochondria, but
particularly in pem2A mitochondria (Fig. 6A). One possibility is that the reduced PC

levels affect the function of the TOM complex. However, the accumulation of TIM23-
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dependent precursors like Om45-DHFR (89, 90) and Oxa1 at the TOM complex was not
decreased (Fig. 6B) (75). Furthermore, the TOM complex remains intact in PC-deficient
mitochondria (Fig. 5D) (75). We conclude that depletion of PC affects initial recognition
of the precursor by the TIM23 complex. To investigate whether the import of
mitochondrial carrier proteins was affected at the TOM-stage, we imported AAC fused
to DHFR (AAC-DHFR) into isolated mutant mitochondria. Upon import the majority of
the precursor binds to the TOM complex, but is not further transported into the inner
membrane (91, 92). Imported AAC-DHFR precursor efficiently accumulated at the TOM
complex in pemTA and pem2A mitochondria (Fig. 6C), indicating that the binding of
carrier protein to the TOM complex was not compromised. We conclude that reduced
PC content does not affect initial binding of the carrier precursor to the TOM complex,
but impairs the import of the precursor into the inner membrane by the TIM22
complex. Altogether, transport of precursor proteins into the inner membrane and
matrix is affected at the stage of the TIM translocases in PC-deficient mitochondria.

Figure 6. Arrest of a precursor protein in the TOM-TIM23 supercomplex is
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defective in PC-deficient mitochondria. (A) *S-labeled precursor of cytochrome
b2(167)D-DHFR was imported for the indicated time periods into wild-type (WT), pem1A
and pemZA mitochondria in the presence of methotrexate. The import reaction was
analyzed by blue native electrophoresis and autoradiography. (B) 3*S-labeled precursors
of Om45-DHFR and Oxal were imported for the indicated time periods into wild-type
(WT), pemTA and pemZA mitochondria. The import of Om45-DHFR was performed in
the presence of methotrexate. The arrest of the Oxal precursor at the TOM complex
was studied after dissipation of the membrane potential. The samples were analyzed by
blue native electrophoresis and autoradiography. (C) **S-labeled precursor of AAC-
DHFR was imported for the indicated time periods into wild-type (WT), pemTA and
pemZ2A mitochondria in the presence of methotrexate. The import reaction was
analyzed by blue native electrophoresis and autoradiography.

DISCUSSION

We report that depletion of PC affects protein import into the mitochondrial inner
membrane and matrix. Surprisingly, the stability and activity of respiratory chain
supercomplexes are not reduced in mitochondria isolated from pemTA and pem2A
cells. Consequently, the membrane potential generated by the respiratory chain is
sufficient to drive protein transport in the mutant mitochondria. However, we could
demonstrate that the TIM23 complex is destabilized and that preprotein arrest in a
TOM-TIM23 supercomplex is impaired in PC-deficient mutant mitochondria. Contrary,
accumulation of TIM23- and TIM22-dependent precursor proteins at the TOM complex
is not altered. We conclude that PC affects protein transport into and across the inner
membrane at the stage of the TIM translocases.

Our studies on mitochondrial protein biogenesis revealed unexpected specific
effects of reduced PC levels on protein machineries. Depletion of PC selectively affects
the stability of highly dynamic protein translocases like the TIM23 complex of the inner

membrane and the sorting and assembly machinery (SAM complex) of the outer
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membrane (75). The SAM complex mediates folding and insertion of p-barrel proteins
in the mitochondrial outer membrane (3-5, 7, 8). It interacts with different partner
proteins to promote protein biogenesis. First, the SAM complex interacts with the TOM
complex to facilitate transfer of B-barrel precursors (76, 93). Second, it associates with
the mitochondrial division and morphology protein Mdm10 to promote the assembly of
Tom22 into the TOM complex (94-96). Depletion of PC affects both the biogenesis of
B-barrel proteins and the assembly of Tom22 (75). The initial binding of the p-barrel
precursor to the TOM-SAM supercomplex is decreased in PC-depleted mitochondria
(75). The TIM23 complex mediates protein transport into the matrix and lateral release
into the inner membrane. The TIM23 subunits dynamically interact with the PAM
module for transport into the matrix (3-9). Furthermore, the TIM23 complex interacts
with the TOM complex and precursor proteins can be arrested in a TOM-TIM23
supercomplex (10, 11, 14). In PC-deficient mitochondria the stability of the TIM23
complex is decreased and both import pathways into the matrix and inner membrane
are affected. Furthermore, binding of a precursor protein to the TOM-TIM23
supercomplex is impaired upon depletion of PC. Since precursor accumulation at the
TOM complex remains unaffected the initial binding of preproteins by the TIM23
complex is impaired in mutants defective in PC biosynthesis. In contrast to the TIM23
complex the TOM translocase and the respiratory chain supercomplexes are not
destabilized in PC deficient mitochondria (75). Moreover, the integration of the SAM-
independent model precursors Tom20 and Om45 are not impaired in mitochondria
with reduced PC levels (75). We conclude that depletion of PC selectively affects
distinct protein transport pathways, but does not generally compromise protein import
into mitochondria. This is an unexpected finding since PC is the most abundant

phospholipid in mitochondrial membranes.
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Previous studies have revealed roles of the non-bilayer forming phospholipids PE and
CL for protein import into and across both mitochondrial membranes (49-57). Depletion
of PE and CL affects precursor accumulation at the TOM complex and the activity of the
respiratory chain (49, 57-57), which both remain unaffected upon depletion of PC. CL
stabilizes respiratory chain supercomplexes and the TOM complex (49, 60-61). In
contrast, respiratory chain supercomplexes and the TOM complex are formed in
mitochondria with reduced content of either PE or PC (57, 75). The dynamic TIM23 and
SAM complexes are particularly sensitive towards alterations of the phospholipid
composition of the mitochondrial membranes. The TIM23 translocase is not
destabilized when PE levels are reduced (55), whereas depletion of PC or CL affects the
integrity of the TIM23 forms on blue native gels. Whether impaired activity of the
TIM23 complex contributes to defective protein import into and across the inner
membrane in PE-deficient mitochondria remains unclear. In these mitochondria the
membrane potential is strongly reduced, which blocks protein transport via inner
membrane protein translocases (57). Import of b-barrel proteins into the mitochondrial
outer membrane requires the presence of CL, PE and PC (49, 50, 75). However, the
SAM complex is destabilized in mutant mitochondria impaired in PC or CL but not in PE
biosynthesis. Furthermore, the SAM-dependent assembly of Tom22 requires normal PC
levels (75), but is unaffected in CL or PE deficient mitochondria. All these examples
illustrate that phospholipids exhibits surprisingly specific roles for distinct protein

translocases and respiratory chain complexes in mitochondria.
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This thesis presents an overview on the metabolism of phospholipids and their
interaction with the protein complexes located in the mitchondrial membranes of
Saccharomyces cerevisiae. The mitochondrial membranes are differentiated for both
their architecture but also for the protein and lipid composition and the ratio between
these two main membrane constituents [1-4].

The foremost reactions that associate with the phosphalipids metabolism are
concentrated at the level of the endoplasmic reticulum (ER) [5]. Despite the ER
compartmentalization of the phospholipids metabolic pathway, mitochondria play a
very central and decisive role as they are the site where cardiolipin (CL) and the majority
of phosphatidylethanolamine (PE) are synthesized. In this context the mechanisms for
exchange and transfer of phospholipids between ER and mitochondria is of
fundamental importance and is the subject of many current studies [2,6-8].

In this thesis the following points have been taken into consideration (i) analysis of the
mitochondrial enzyme Psd1p and its product, PE, through a collection of the most
recent data (i) understanding the molecular mechanisms and the role of the previously
identified putative substrate recognition seugence located in the a-subunit of Psd1p (iii)
investigation on the interactions between the bilayer forming phospholipid
phosphatidylcholine and the import/sorting machinery in the mitchondria.

The first chapter of this thesis provides with an accurate description regarding a class of
enzymes, the phosphatidylserine decarboxylases (PSDs), and their relevant contribution
in the phospholipid metabolism of different organisms. The high diffusion of PSDs in
many kingdoms of life it's a further indication of their central role in phophoslipid
metabolism [9]. The PSDs enyzmes are pyruvoyl-dependent decarboxylases whose
main feature is the presence of a pyruvoyl prostetic group generated from an internal
serine residue, which also represents the core of the catalytic site of the enzyme [10,11].

During the self-processing and generation of the active site, PSDs precursor proteins
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are divided into two dissimilar subunits which constitute the mature form of the enzyme
[12].

The second chapter describes a very detailed analysis of the biochemical and molecular
mechanisms that characterize the phosphatidylserine decarboxylases 1 (Psd1p) from
yeast. Psd1p is known and studied for many years, but only recently aspects concerning
the topology, the import mechanism in the mitochondria and the biogenesis of Psd1p
have been discovered [13].

The main aim of the research described in the second chapter is investigating the
function of a consensus motif localized in the a-subunits of Psd1p, which is supposedly
involved in the recognition and binding of Psd1p’s substrate, phosphatidylserine (PS)
[14]. Different mutations inserted along the conserved motif brought a variety of
outcomes in the biochemical analysis that allowed pinpointing specific residues along
the sequence that are essential for the processing, biogenesis and stability of Psd1p.
The results obtained show that this putative substrate recognition site retains a number
of highly conserved amino acids that are essential for the catalytic activity of the
enzyme. Despite the many pieces of information collected on the functional domain of
the Psd1p a-subunit, there are still points that await to be clarified. In fact it is not sure
wheter this conserved motif indeed plays an active role in identifying and binding
Psd1p’s substrate. Another hypothesis is whether this conserved sequence is involved
in the interaction and association of Psd1p with other mitochondrial proteins that might
ensure the acitvity and stability of the enzyme. In fact, considering the key role of
Psd1p, and the strategic location at the mitochondria level, it remains to be clarified
whether there exist one or more direct interaction(s) with other membrane components

that could be, for instance, involved in the transport of PE in the rest of the cell.
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Figure 1 Various mutations in the putative substrate recognition sequence of
Psd1p a-subunits differently affect processing and stability of Psd1p Manipulation
in the conserved motif of the a-subunit compromises the stability of Psd1p which might
results in : A, complete loss of protein stability and degradation of both a and b-
subunit; B, instability of the enzyme with degradation starting from the N-terminus of
the protein and lack of self processing; C, structural instability of the enzyme with
slower rate of self processing; D, enzyme structurally stable and capable of self process.
Since the interaction of the a- and fB-subunit and the self processing are mandatory for
enzymatic catalysis, the unprocessed (B) and the structurally unstable form of Psd1p (C)
have an absent or a reduced catalytic activity.

The second part of this thesis is the result of a collaboration with the research group of
Dr. T. Becker and Pr. N. Pfanner (Freiburg, Germany).

Compared with the previous two chapters this section is characterized by a change in
perspective. In fact the study of a single key enyzme, described in the second chapter,
is contextualized by exploring the intricate interactions that exist between the lipid and

protein components of mitochondrial membranes.
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Chapter 3 and 4 are charactrized by a common denominator that is the functional
analysis of the molecular machinery located in the mitochondrial membranes, in
correlation with the membrane phospholipids, which regulate the activity of these
protein complexes.

It is well established that CL and PE modulate the activity of mitochondrial
protein complexes involved in the import and sorting of protein within the
mitochondrial membranes [15-17]. In the two studies presented as part of this thesis,
there are new evidences showing that also PC plays an active role in influencing the
import of B-barrels, as well as the activity of the translocases of the inner mitochondrial
membrane. Furthermore, these data confirm the hypothesis that any different
phospholipids can impact the protein complexes in a very specific manner, which differs
from one another.

In conclusion, in order to have a complete comprehension of the phospholipid-protein
functional correlation at the membrane level, it is important to untangle the molecular
details related to this interaction. For instance it is still not clear yet which are the
factors that govern the heterogeneous group of effects triggered by the different
phspholipids. One speculation would be related to the chemical properties of the
phospholipids or to the presence of specific lipid microdomains, like the microdomains
of CL and PE, already identified in bacterial membranes which can self-assemble and

seems to be relevant in cellular processes like cell division and sporulation [18-20].
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