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Chapter 1 

Yeast mitochondria as a model system for membrane protein 

proteomics 

While most science is based on hypothesis-driven research, discovery-driven research is 

rapidly gaining ground nowadays (1). This type of research is characterized by the gen-

eration of vast amounts of data using high-throughput methods, from which new in-

sights usually can be obtained. In the biological sciences, these methods are generally 

referred to as ‘omics’, with genomics, transcriptomics, and proteomics currently being 

widely employed. In proteomics, as the name implies, the object of study is the pro-

teome, which can be defined as the protein complement expressed by a genome of an 

organism or single cell (2). A major challenge in this line of research lies in the large 

variety of properties that can be inferred on proteins, since they are composed of 

twenty, chemically diverse, amino acids. Another problem is the vast differences in the 

expression levels that are observed for proteins. Membrane proteins have proven to be 

particularly difficult to analyze, because they are often highly hydrophobic and only 

expressed in small numbers (3-5). 

One of the organisms whose proteome has been studied extensively is the budding 

yeast Saccharomyces cerevisiae. It is a fast growing model organism that is relatively easy 

and inexpensive to maintain, it can be utilized in a variety of biochemical and genetic 

assays, and has served as a platform for the development of large-scale screening meth-

ods (6-9). In fact, it was the first eukaryote whose genome was fully sequenced (10), and 

a complete library of gene deletion mutants has been constructed and analyzed (11-13). 

Moreover, a large number of mammalian genes have homologues in S. cerevisiae, 

making it an ideal model organism to study their function (14). 

One of the organelles in yeast that bears high homology to its human counterpart is 

the mitochondrion (15). It is also known as the cell’s ‘powerhouse’, because of its main 

function: the production of ATP via oxidative phosphorylation. Other functions include 

amino acid metabolism, fatty acid oxidation, and iron-sulfur cluster assembly. In addi-

tion, some mitochondrial proteins are important in the induction of apoptosis. Because 

yeast is able to grow with or without oxygen present, it is an ideal organism to study 

mitochondrial biogenesis (16). Interestingly, mitochondria are semiautonomous organ-

elles that stem from an α-proteobacterium that became an endosymbiont approximately 

2 billion years ago (17). Although their composition has evolved considerably over time, 

mitochondria still contain their own genome and have retained the ability to synthesize 

proteins. However, the mitochondrial genome encodes only few proteins (eight in yeast), 
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necessitating the import via a complex machinery (18) of the vast majority of mitochon-

drial proteins that are synthesized in the cytosol. 

The mitochondrial proteome is very diverse because of the large number of different 

functions that need to be carried out in the organelle (19, 20). Encompassing an esti-

mated 700 proteins in yeast (21), it is limited in size compared to the cellular proteome 

(~6000 proteins), and contains a large collection of hydrophobic and hydrophilic proteins 

with a wide variety of isoelectric points (22-24). Multiple studies have now been pub-

lished that describe the yeast mitochondrial proteome (21, 23, 25-27), increasing our 

understanding of this organelle (20). For these reasons yeast mitochondria provide an 

ideal system to develop and benchmark new proteomic techniques. Here, new proteo-

mic approaches based on lipid-protein interactions and stable protein-protein interac-

tions are described that provide new insights in yeast mitochondrial membrane organiza-

tion. To further introduce the experimental system, the main components of mitochon-

drial membranes, i.e. lipids and membrane proteins, and their interactions will be de-

scribed. Next, proteomics of membrane proteins will be discussed and the proteome-

wide detection of lipid-protein interactions. The scope of the thesis will complete this 

chapter. 

Mitochondrial membranes 

Biological membranes are highly dynamic structures that serve as hydrophobic barrier 

between adjacent aqueous compartments inside a biological cell, or between the intra- 

and extra-cellular spaces. Most polar compounds cannot pass the membrane, unless 

they are actively or passively transported by one of the membrane constituents. This 

allows cells to create and maintain concentration gradients of numerous compounds 

across their membranes, a property that is essential for e.g. energy conversion and signal 

transduction (24). Membranes can also restrict biochemical reactions to a single com-

partment and regulate processes such as intracellular vesicle trafficking (28). The two 

main constituents of biological membranes are lipids and proteins. However, since the 

different compartments or organelles in a cell have distinct functions, the composition of 

their membranes often varies greatly. In addition, large differences in composition can 

be observed between membranes of different cell types and different organisms. 

Mitochondria are enclosed by two membranes (figure 1A). The outer membrane is 

semi-permeable and encloses the intermembrane space. The inner membrane is non-

permeable and is highly curved, forming structures that are called cristae. The compart-

ment confined by the inner membrane is called the matrix. Although mitochondria are 
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often depicted as bean-shaped particles (Figure 1A), in reality they form a highly dynamic 

tubular network, located below the cell cortex in yeast (29). This network adapts itself to 

culture conditions, for example becoming more elaborate when the cells are cultured on 

a non-fermentable carbon source (30). Figure 1B shows a microscopy image of yeast cells 

growing exponentially in lactate-based medium (left), in which the mitochondria were 

visualized by a green fluorescent protein that contains a sequence tag directing it to the 

mitochondrial matrix (right) (31). Because only one cross section of the cells is shown, 

the tubules are detectable as bright dots at the cell periphery. 

Lipids 

Most lipids are amphipathic molecules containing both a hydrophobic and a hydrophilic 

part (24, 28). There are exceptions such as triacylglycerols and steryl esters that are 

highly hydrophobic and generally used for energy storage in lipid droplets. In an aqueous 

environment, the hydrophobic parts of amphipathic lipids cluster, with the hydrophilic 

parts interacting with the water phase. This way, a variety of structures can be formed. 

In biology, most lipids are assembled in a bilayer with a hydrophobic core and hydro-

philic surfaces to form a membrane that acts as a barrier between two aqueous com-

partments. A large repertoire of more than a thousand different lipids is found in nature, 

indicating that they do not serve as mere building blocks for membranes. Indeed, lipids 

can have different shapes, enabling the formation of structures like tubules, buds, and 

vesicles, lipids have specific interactions with proteins, and lipids act as messengers in 

signal transduction (24, 32, 33). 

In yeast, the biosynthetic routes to synthesize lipids are comparable with those in 

higher eukaryotes, resulting in a similar lipid composition with glycerophospholipids, 

Outer membrane
Inner membrane

Intermembrane space

Crista
Matrix

A B

Figure 1: Mitochondria in yeast. (A) Schematic representation of the structure of a mitochondrion (adapted 

from (169)). (B) A Nomarski microscopy image of S. cerevisiae (left) with its mitochondria visualized in a confo-

cal image by a green fluorescent protein targeted to the mitochondrial matrix by a sequence tag (31) (right) 

(J. Gubbens, unpublished result). 
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sterols, and sphingolipids as main membrane lipids (34). Sterols are important regulators 

of membrane fluidity and permeability and their presence is essential for cell viability in 

most eukaryotes (35). Sterols have a small polar headgroup, which consists of a hydroxyl 

moiety. The main sterol in yeast is ergosterol, while in mammals this is cholesterol. 

Sphingolipids consist of a saturated long-chain base, phytosphingosine in yeast, linked 

via an amide bond to another saturated, long-chain fatty acid, forming a compact cylin-

drical structure compared to glycerophospholipids that usually contain at least one 

unsaturated acyl chain. Sterols and sphingolipids are thought to mix preferentially as the 

large sphingolipid headgroups can shield the sterols from a polar environment (the so-

called umbrella model), and because sterols can form a condensed complex with the 

saturated acyl chains of sphingolipids (35). Sterols and sphingolipids are predominantly 

found in the plasma membrane and the Golgi, but hardly in mitochondria, with the 

exception of a minor amount of ergosterol present in the yeast mitochondrial inner 

membrane (36). 

Glycerophospholipids 

In mitochondrial membranes the glycerophospholipids, generally referred to as phos-

pholipids, are the major membrane building blocks. They contain a glycerol backbone 

with fatty acids esterified to the sn-1 and sn-2 position, while the sn-3 position is occu-

pied by a phosphate containing headgroup that defines the phospholipid class (Figure 2) 

Figure 2: The major phospholipids in yeast. The general structure of phospholipids is shown with R represent-

ing the different headgroups depicted on the bottom row. Fatty acids are esterified to the sn-1 and sn-2 posi-

tions of the glycerol backbone. CL is a special phospholipid, because two PA molecules are linked to one glyc-

erol headgroup, resulting in a phospholipid with four acyl chains. 
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(24, 28). The main phospholipid classes are phosphatidic acid (PA), phosphatidylinositol 

(PI) phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylcholine 

(PC), while mitochondria also contain phosphatidylglycerol (PG) and cardiolipin (CL). The 

classes differ in charge and molecular shape, resulting in distinct biophysical properties 

(24). For instance, PE and PC are zwitterionic, while the other phospholipids have a net 

negative charge. PE has a conical shape and can therefore confer negative curvature to 

the membrane, allowing the occurrence of fission and fusion events (37). In contrast, 

most phospholipids including PC, the most abundant phospholipid in most eukaryotes, 

are cylindrically shaped and spontaneously form bilayers in an aqueous environment. CL, 

which, in eukaryotes, is exclusively synthesized in mitochondria, is an exceptional lipid 

because it consists of two PA molecules linked together by a glycerol headgroup (Figure 

2), resulting in a phospholipid with four fatty acid acyl chains. 

The exact phospholipid composition of yeast membranes depends on factors such as 

the carbon source and growth phase (38, 39), but in general PC and PE are the predomi-

nant lipids in both the outer and the inner mitochondrial membrane, each varying 

between 20-45% of the total phospholipid content. In addition, PI is an abundant phos-

pholipid in the outer membrane at 10-20%, while in the inner membrane this is the case 

for CL, also at 10-20%. Other lipids are present at concentrations below 10% (38, 40, 41). 

The two leaflets of the lipid bilayer of biological membranes often have different lipid 

compositions. In yeast, the outer mitochondrial membrane shows a symmetric distribu-

tion of PC and PI, but an asymmetric distribution of PE, which is enriched in the mem-

brane leaflet facing the intermembrane space as was determined with the aid of phos-

pholipid transfer proteins and chemical labeling (42). The distribution of CL across the 

yeast mitochondrial inner membrane was found to be asymmetric by using a fluorescent 

probe (43). However this method was disputed when the probe’s fluorescence was 

found to be influenced by the spatial arrangement of CL (44), and by the mitochondrial 

membrane potential (45). Externally added spin-labeled PC and PE localized preferen-

tially to the outer leaflet of the inner membrane, while spin-labeled CL was distributed 

equally between both leaflets (46). 

In addition to the large variety in headgroup structure, phospholipids also contain 

different acyl chains. They are generally defined by their length, expressed as the num-

ber of C atoms, and their degree of unsaturation, expressed as the number of cis-double 

(unsaturated) bonds. In yeast the repertoire of acyl chains is relatively limited with 

C16:0, C16:1, C18:0, and C18:1 being the most abundant, while C14:0 and C14:1 are 

minor species (47). In general, saturated species predominate at the sn-1 position and 

unsaturated species at the sn-2 position. The phospholipid acyl chain composition has a 
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pronounced influence on membrane thickness, fluidity, and curvature and is therefore 

tightly regulated. The occurrence of different acyl chain profiles in different organelles, 

also in metabolically closely related phospholipids, supports this view (48). Interestingly, 

while yeast is very tolerant with regard to its phospholipid composition, with only PI, PE, 

and some form of methylated PE, normally PC, being essential (49-53), it does adapt its 

acyl chain content in response to changes in lipid class composition (53). Conversely, 

supplementation of the growth medium with rare or unnatural fatty acids, such as short 

chain (54) or trans-unsaturated (55) fatty acids, has a profound influence on, in particu-

lar, the PE / PC ratio. This demonstrates that S. cerevisiae continuously monitors its lipid 

composition and quickly adapts to changes that might interfere with membrane integrity 

and functioning (56). 

Synthesis and transport of phospholipids 

The synthesis of phospholipids and its regulation in yeast has been studied extensively 

(57), yet some key enzymes were only discovered recently. Figure 3 gives an overview of 
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Figure 3: Synthesis of major membrane phospholipids in yeast. Biosynthesis routes for all major phospholipids 

in yeast are shown with the enzymes that are identified at the gene level indicated. Abbreviations for the major 

phospholipids are explained in Figure 2. 
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the main pathways and the enzymes involved. The expression of most enzymes is regu-

lated at the transcriptional level by the presence of a UASino sequence in the promoter of 

the encoding genes, and is generally repressed when phospholipid precursors are pre-

sent or when the cells enter stationary phase. Most of the enzymes are localized to the 

ER, but there are some exceptions that will be specified below. 

Synthesis of PA by the addition of two acyl chains to glycerol-3-phosphate forms the 

starting point for the production of all phospholipids. Next, PA is converted to CDP-

diacylglycerol (CDP-DAG) by Cds1p (58). CDP-DAG is a key intermediate and is a substrate 

for multiple enzymes: Pis1p attaches inositol to form PI (59), Pgs1p attaches glycerol-3-

phosphate to form PG-phosphate in mitochondria (60), which is ultimately converted to 

CL (61, 62), and Cho1p attaches serine to form PS (63). The latter reaction does not occur 

in mammalian cells, in which existing PE or PC is converted to PS by headgroup exchange 

(64). PI can be modified by the addition of phosphate moieties to form PIP, PIP2 and PIP3, 

conversions that are essential in signaling events and recognition of specific cellular 

membranes by PI binding proteins (65). 

PS can be converted to PE by decarboxylation by Psd1p or Psd2p, but since Psd1p is 

localized in the inner mitochondrial membrane and Psd2p in the Golgi, transport of PS 

has to take place (66). Interestingly, vesicular transport is not the primary mechanism for 

the cell to achieve this (67, 68). Instead, a largely unknown mechanism is used that is 

independent of vesicular trafficking, ATP levels, and the cytoskeleton. Membrane contact 

sites between the ER membrane and various other organellar membranes are proposed 

to mediate phospholipid transfer from one membrane to another (69). For PS transport 

from the ER to mitochondria in yeast, this is a compelling hypothesis since the PS syn-

thase activity is enriched in a fraction of the ER that co-purifies with mitochondria, the 

so-called mitochondria associated membrane (MAM) (70). This allows for rapid transport 

of newly synthesized PS to mitochondria for conversion to PE (71). Most of the factors 

involved in the process are unknown, but a genetic screen revealed that Met30p, a 

subunit of a ubiquitin ligase is involved (72). Similarly, contact sites between the inner 

and outer membranes of mitochondria (69) could mediate transport of PS to the inner 

membrane where Psd1p is located. Transport of PS from the ER to the Golgi in yeast was 

found to depend on a number of factors, including a lipid binding C2 domain in Psd2p 

(73) and the lipid composition of the donor membrane (74). 

PE produced in mitochondria can be transported back to the ER in a similar manner 

as described above (71). In the ER, PE is first monomethylated by Cho2p, after which 

Opi3p adds two more methyl groups to form PC (50, 75, 76). Both enzymes use S-

adenosylmethionine as methyl donor, and can to some extent substitute for one an-
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other. PC and its mono- and dimethylated precursors are rapidly transported to and from 

mitochondria, most probably via membrane contact sites (77). 

Alternatively, PE and PC are produced in the ER via the Kennedy pathways from 

diacylglycerol and ethanolamine or choline, respectively. Diacylglycerol can be derived 

from the turnover of PI or triacylglycerol (56), or by dephosphorylation of PA by Pah1p, 

Dpp1p, or Lpp1p (78). Ethanolamine and choline can be taken up from the growth 

medium, but both routes also use products of lipid turnover, depending on availability 

(79). Since in mammals methylation of PE only occurs in hepatocytes, most mammalian 

cells are choline auxotrophs (67). In yeast, both pathways of PC synthesis are utilized, 

they can substitute for each other, and both contribute to the PC content of all mem-

branes (80, 81). However, the two pathways differ in the acyl chain composition of the 

PC molecules that they produce (82). 

Membrane Proteins 

Next to lipids, biological membranes contain a large variety of proteins. They play a role 

in important cellular processes such as signal transduction, cell adhesion and communi-

cation, vesicle trafficking, protein translocation/integration, and metabolite and ion 

transport. Currently, approximately 30% of all genes in yeast are thought to encode 

membrane proteins based on gene ontology annotations (83). Membrane proteins can 

be grouped into two different classes: intrinsic, or integral, membrane proteins and 

extrinsic, or peripheral, membrane proteins (Figure 4). 

Integral membrane proteins span the hydrophobic core of the lipid bilayer and must 

therefore fold in a specific conformation to shield their polar amide bonds. Two possible 

structures, α-helices and β-barrels, are known that can achieve this by hydrogen bonding 

of all polar moieties in the protein backbone. The large majority of integral membrane 

proteins span the membrane by the formation of α-helices that consist of 15-25 hydro-

phobic amino acids (4). Usually, 20-30% of a genome encodes this type of membrane 

A
B

C

D

Figure 4: Types of membrane proteins. A cartoon repre-

sentation of a biological membrane is shown consisting of 

a phospholipid bilayer and different types of membrane 

proteins: (A) peripheral lipid-binding protein, (B) lipid 

(GPI)-anchored protein, (C) peripheral protein attached via 

a protein-protein interaction, and (D) integral membrane 

protein. 
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proteins, confirming their importance (84). In fact, the only known biological membrane 

devoid of this type of proteins is the outer membrane of Gram-negative bacteria, which 

contains β-barrel integral proteins instead (85). The number of α-helical transmembrane 

segments per protein varies greatly, although proteins with a low number of α-helices 

are more common. Bitopic proteins, spanning the bilayer only once, often act as cell 

surface markers, receptors, or adhesion factors, while polytopic proteins, containing 

multiple spans, often act as transporters (84, 86). Figure 5A shows the structure of the α-

helical transmembrane protein cytochrome b (Cobp), a mitochondrially encoded subunit 

of the yeast cytochrome bc1 complex. The transmembrane segments in this protein show 

a small tilt compared to the normal of the membrane plane, which is characteristic for 

the structure of polytopic proteins (87). 

β-barrel proteins contain a cylindrical anti-parallel β-sheet that spans the bilayer 

(Figure 5B shows a bacterial example). The β-strands are 9-11 amino acids long, have a 

tilt of 20-45° compared to the membrane normal, and consist of alternating hydrophobic 

and hydrophilic residues, oriented toward the outside and inside of the barrel, respec-

tively (88). Therefore, these proteins are less hydrophobic than α-helical transmembrane 

proteins. The inside of the β-barrel usually forms an aqueous channel that is often closed 

Figure 5: Examples of an α-helical and a β-barrel membrane protein. A cartoon representation of the struc-

ture of two membrane channels is shown: Mitochondrially encoded yeast cytochrome b (A, Cobp, PDB 1KB9), 

containing transmembrane α-helices, and the transmembrane part of Escherichia coli porin (B, OmpG, PDB 

2F1C), which is a β-barrel protein. 

B A 
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with a hatch or plug. β-barrel proteins are exclusively located in the outer membranes of 

Gram-negative bacteria, mitochondria, and chloroplasts. The presence of β-barrel pro-

teins in the last two compartments likely reflects their bacterial origin (89). It was esti-

mated that the yeast genome contains approximately 100 potential β-barrel proteins, 

corresponding to 1.5% of the genome (88). 

 Peripheral membrane proteins can also be divided in two structurally different 

groups: membrane-anchored proteins (Figure 4B) and membrane-associated proteins 

(Figure 4, A and C). Membrane-anchoring of proteins in eukaryotes is generally achieved 

by covalent modification with a polyisoprenyl chain, a fatty acid, or with glycosylphos-

phatidylinsositol (GPI) (90, 91). The first two are often reversible modifications of signal-

ing proteins, and are important for proper targeting of the protein to a specific mem-

brane and for proper functioning. GPI-modified proteins are primarily found in the 

plasma membrane where they perform a variety of functions. In yeast, the glycerophos-

pholipid moiety in GPI is often replaced by a sphingolipid (92). 

Membrane-association of proteins occurs through non-covalent interactions with 

intrinsic membrane proteins (Figure 4C) or with lipid headgroups (Figure 4A). Due to the 

often polar nature of the interactions, these proteins are characterized by their dissocia-

tion from the membrane by a salt or high pH wash, while other membrane proteins are 

only solubilized using detergents or organic solvents (86). However, because these 

procedures never yield a complete separation between intrinsic, extrinsic, and soluble 

proteins, this class of proteins is rather ill defined (4). Many lipid-binding domains such 

as PH, FIVE, PHD, PX, C2, FERM, and ENTH are known, and are acknowledged to be 

among the most abundant types of domains found in the eukaryotic proteome (93). 

Mitochondrial membrane proteins 

Mitochondrial outer and inner membranes not only have a different lipid composition, 

they also contain different sets of proteins. The outer membrane of yeast mitochondria 

has a relatively low protein content with 1.1 g of protein per g of phospholipid (40). Next 

to peripheral proteins, it contains α-helical proteins, with one or two transmembrane 

domains, and β-barrel proteins (89). In contrast, the inner membrane has high protein 

levels at 6.7 g per g of phospholipid and does not contain any β-barrel proteins. Impor-

tantly, all protein complexes involved in oxidative phosphorylation are located in the 

inner membrane, providing an explanation for the high protein content of this mem-

brane. 

Multiple import pathways and mechanisms for membrane insertion are known to 

exist for mitochondrial membrane proteins (18, 89). In virtually all cases the import 
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process starts at the TOM complex that mediates transport of precursor proteins across 

the outer membrane through a channel formed by the β-barrel protein Tom40p. Inser-

tion of N-terminally anchored α-helical outer membrane proteins is also mediated by the 

TOM complex, without the involvement of the main protein conducting channel (94). 

Interestingly, β-barrel proteins are first transported by the TOM complex across the 

outer membrane before they are targeted by an internal signal sequence to the TOB 

complex, also referred to as the SAM complex, for insertion from the intermembrane 

space (95). This is most probably a remnant of the bacterial origin of mitochondria, 

considering the homology of Tob55p/Sam50p, one of the complex’s main components, 

to Omp85 that mediates β-barrel insertion in the bacterial outer membrane (96). The 

insertion mechanism of C-terminally anchored α-helical outer membrane proteins is not 

dependent on the TOM complex, but rather on the lipid composition of the outer mem-

brane (97). The insertion mechanism of polytopic outer membrane proteins is still 

unknown (89). 

Proteins that are not inserted in the outer membrane follow one of three different 

routes after translocation across the outer membrane. First, a number of low molecular 

weight proteins can be retained in the intermembrane space by acquiring a folded state 

through binding of a cofactor or by disulfide bridge formation. A well known example of 

this is the heme-binding, peripheral inner membrane protein cytochrome c (98). Alterna-

tively, they permanently associate with other components present in the intermembrane 

space. Second, some inner membrane proteins are bound by the Tim9p/Tim10p com-

plex, or the Tim8p/Tim13p complex in case of Tim23p, and transported to the TIM22 

complex for insertion in the inner membrane. This route of insertion is used by Tim22p 

itself, the inner membrane protein translocators Tim17p and Tim23p, and by the family 

of inner membrane carriers (89). Import and insertion of the most abundant member of 

this family, the ADP/ATP carrier Pet9p, has been studied extensively and has been found 

to rely on an internal signal sequence (99, 100). Third, the large majority of precursor 

proteins is translocated across the inner membrane by the TIM23 complex, which can 

directly connect to the TOM complex, presumably at membrane contact sites (101-103). 

Proteins imported via this route are characterized by an N-terminal signal sequence that 

is cleaved off in the mitochondrial matrix. Intrinsic inner membrane proteins that are not 

inserted by the TIM22 complex also traverse the TIM23 complex. Interestingly, some 

inner membrane proteins are inserted in the membrane by the TIM23 complex, while 

others are first completely imported into the matrix before their insertion in the inner 

membrane by Oxa1p. The first pathway is called the stop-transfer pathway and only 

occurs for bitopic proteins (104). The latter is called the conservative sorting pathway, 
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resembles YidC mediated insertion of membrane proteins in bacteria, and inserts pro-

teins of bacterial origin in particular (105, 106). Three factors determine insertion of 

proteins via the stop-transfer pathway: the arrested transmembrane segments are 

followed by clusters of charged amino acid residues at their C-terminal end (107), the 

transmembrane segments are more hydrophobic than those of conservatively sorted 

proteins, and the transmembrane segments usually lack proline residues, which are 

often found in conservatively sorted proteins (104). Some proteins inserted via the stop-

transfer pathway can subsequently be cleaved to yield soluble intermembrane space 

proteins (89). 

Seven of the eight mitochondrial genes in yeast encode inner membrane proteins. 

These proteins are inserted in the inner membrane by Oxa1p (106). Interestingly, an 

important difference between mitochondrially encoded membrane proteins and inner 

membrane proteins imported from the cytosol is the hydrophobicity of their transmem-

brane segments (108). It was found that highly hydrophobic proteins cannot be imported 

by the mitochondrial protein import machinery, which could explain why these genes 

were retained in the mitochondrion. However, mutational studies have shown that yeast 

can be made to import this type of proteins into its mitochondria (109), suggesting that 

there are additional, evolutionary, reasons why mitochondrially encoded proteins were 

retained (110). 

Lipid-protein interactions in mitochondrial membranes 

An important factor in the organization of all biological membranes is that lipids and 

integral membrane proteins must interact to maintain the barrier function of the mem-

brane. It has been suggested that membrane proteins are surrounded by a shell of 

disordered lipids, called annular lipids, to form a tight seal (111, 112). These lipids act as 

solvent and their exchange rate with bulk lipid is fast. Interactions between annular lipids 

and intrinsic proteins are usually not specific, but general properties inferred on the lipid 

bilayer by some lipids, such as curvature, hydrophobic mismatch, packing defects and 

lateral pressure, can have a profound influence on the structure and activity of mem-

brane proteins (113). 

In addition to annular lipids, non-annular lipids bind to specific binding sites, usually 

between α-helical transmembrane segments and protein-protein interfaces of mem-

brane protein complexes (111, 114). These lipids are often regarded as a co-factor, 

rather than as a solvent, and are important for the assembly, structure and functioning 

of numerous membrane proteins and membrane protein complexes. The discovery of 
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tightly bound lipids in membrane protein structures obtained by X-ray crystallography 

has helped in analyzing the binding specificity and role of these lipids (32). 

Another class of specific lipid-protein interactions is the binding of peripheral mem-

brane proteins to lipids. This is achieved by e.g. specialized lipid-binding domains (93), 

and often involves electrostatic interactions with anionic lipids (115), and amphipathic 

secondary structure or hydrophobic domains that can insert in the membrane (116). This 

type of interaction is common in cell signaling and membrane trafficking. 

In yeast mitochondria, tightly bound PE, PC, PI and CL have been identified in the 

crystal structure of the cytochrome bc1 complex of the respiratory chain (117, 118). 

Especially CL is thought to be important for the activity of the complex, since its removal 

in bovine cytochrome bc1 leads to reversible inactivation (119). By using X-ray crystallo-

graphy and MS analysis the position and identity of 13 lipids in the bovine cytochrome c 

oxidase complex have been elucidated (120). In this complex, removal of CL also leads to 

reversible inactivation (121). It was demonstrated that CL is essential for the formation 

of supercomplexes between cytochrome bc1 and cytochrome c oxidase in yeast (122, 

123). Still, CL is not essential in yeast when grown on non-fermentable carbon sources, 

even at elevated temperatures (124, 125), indicating that other phospholipids might, to 

some degree, be able to take over its function. In addition to the complexes described 

above, other mitochondrial inner membrane proteins, such as the ADP/ATP carrier (125, 

126), are known that require CL for proper function. The functional interaction between 

other phospholipids and mitochondrial proteins is less well defined. Cytochrome c, which 

shuttles electrons from cytochrome bc1 to cytochrome c oxidase, is an extensively 

studied peripheral membrane protein of the mitochondrial inner membrane. It binds to 

the surface of model membranes containing anionic lipids (127), but also to the cyto-

chrome bc1 and cytochrome c oxidase complexes. When the latter complex was reconsti-

tuted in model membranes containing PG, it was observed that an extended shell of 

lipids surrounding the complex was immobilized upon binding of cytochrome c (128). 

Therefore, cytochrome c might bind to membrane proteins and anionic lipids simultane-

ously. 

Methods to discover lipid-protein interactions 

Although a number of lipid-binding domains have been characterized (93), and a number 

of lipid-protein interactions have been established as illustrated above, many more 

specific lipid-protein interactions must exist that have not yet been detected. Therefore, 

methods have been developed to find candidate proteins that interact with a lipid of 

interest. For instance, lipids have been covalently bound to resins or other solid supports 
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to find lipid-binding proteins by affinity purification (129, 130). In an inverted setup, 

immobilized proteins can be probed with labeled lipids on so-called proteome chips 

(131). However, in all these cases, lipid-protein interactions are detected outside the 

native environment of the lipid bilayer. In contrast, photoactivatable lipid analogues can 

be incorporated in biological membranes, and subsequently activated by UV light to 

cross-link to interacting proteins (132). A wide variety of lipids containing photoactivat-

able groups has been synthesized and used to detect interacting proteins, usually by 

incorporation of a radiolabel in the photoactivatable moiety. 

An ideal photoactivatable group is small so as not to disturb the system in which it is 

introduced, stable under non-activating conditions, and highly reactive upon exposure to 

UV light to avoid long exposures that might damage the biological sample (132). Three 

different photoactivatable groups are currently being used, with each having some 

advantages and some disadvantages. Phenylazides (see Figure 6A for an example), 

generate highly reactive nitrenes upon exposure to UV light, but subsequently undergo 

rapid intramolecular ring expansion. The resulting molecule is less reactive, resulting in 

longer reaction times and a preference for the insertion into N-H bonds. 3-

Trifluoromethyl-3-diazirines (see Figure 6B for an example) generate carbenes upon UV 

light exposure (133). In contrast to phenylazides, no intramolecular rearrangements are 

observed for these compounds. Instead, they insert in any type of bond, including non-

reactive C-H bonds. Due to the high reactivity, a relatively inert environment such as the 

core of the lipid bilayer is preferred for efficient photocross-linking using diazirines (132). 

A

B

Figure 6: Structure of [
125

I]-ASA-DLPE and [
125

I]-TID-PC. (A) [
125

I]-ASA-DLPE contains a photoactivatable 

phenylazide moiety attached to the phosholipid headgroup of PE to perform cross-linking at the membrane 

interface. (B) [
125

I]-TID-PC contains a photoactivatable diazirine attached to one of the acyl chains to perform 

cross-linking in the hydrophobic core of the membrane.  
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The third commonly used photoactivatable moiety is benzophenone (134). Upon expo-

sure to UV light it forms a triplet diradical which can efficiently insert in C-H bonds, even 

in the presence of water and strong nucleophiles. Another advantage of this probe is its 

chemical stability. However, with two phenyl groups, it is more bulky than the other two 

photoactivatable compounds. 

Examples of the use of phenylazides to probe lipid-protein interactions in mitochon-

drial protein complexes include the incorporation of this moiety in the acyl chains or 

headgroup of CL to test its interaction with cytochrome c oxidase subunits (135), and the 

use of [
125

I]-ASA-PE (Figure 6A) to find subunits of the F1F0 ATP synthase in contact with 

phospholipid headgroups (136). The latter probe has also been used to find new lipid-

interacting proteins in Plasmodium falciparum (137) and human erythrocytes (138). In a 

search for PC-interacting proteins, 3-trifluoromethyl-3-[
125

I]aryldiazirine-PC (TID-PC, 

Figure 6B) was shown to label Gut2p in yeast mitochondria in vitro (139). Further re-

search confirmed that Gut2p depends on PC for efficient functioning (140). Diazirines 

have also been used for in vivo labeling of proteins interacting with cholesterol, PC, PI 

and sphingolipids (141, 142). 

These examples show that labeling by photoactivatable lipid analogues is a versatile 

technique that can be used in many systems under a variety of conditions for detection 

of lipid-binding proteins. For their identification, mass spectrometry based proteomics 

could become a powerful method. The next section will introduce proteomic approaches 

for the identification of membrane proteins. 

Membrane protein proteomics 

Almost all proteomic studies are based on mass spectrometric analysis. In most cases, 

proteins are digested and the resulting peptides analyzed by mass spectrometry (MS) in 

what is called a bottom-up approach, usually in combination with separation steps for 

proteins, peptides, or both. The development of linear ion trap instruments and, more 

recently, Fourier transform-ion cyclotron resonance (FT-ICR) and orbitrap mass spec-

trometers allows fast, and highly sensitive detection of peptide masses and their frag-

mentation patterns by tandem MS (143). Fragmentation patterns are obtained by colli-

sion induced dissociation and allow for the unambiguous identification of single peptides 

by deducing sequence information and any other features from the MS/MS spectrum 

(144). Although full sequence coverage is practically never achieved, this approach is 

especially suitable for high-throughput surveys (5, 144), and will therefore be introduced 

here in more detail. Alternatively, in the top-down approach, intact proteins are intro-
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duced in the mass spectrometer, allowing the study of the complete protein sequence 

and all posttranslational modifications (145). 

As already mentioned, membrane proteins are notoriously hard to analyze and 

identify due to their disadvantageous properties. This is especially true for α-helical 

proteins since they contain long stretches of hydrophobic residues that are not easily 

dissolved in aqueous buffers and lack cleavage sites for the widely used protein digestion 

enzyme trypsin, thus yielding predominantly large and hydrophobic peptides (3). Com-

bined with the low expression levels of many membrane proteins, this usually results in 

low numbers of identifiable peptides in bottom-up approaches. In recent years, impres-

sive progress has been made in analyzing α-helical membrane proteins in proteomics, 

most notably by improving the main bottlenecks in the process: the solubilization, 

digestion, and separation of these proteins (5). The most important approaches are 

described below, with emphasis on the analysis of mitochondrial membrane proteins. 

Gel separation-based methods 

In proteomics, complex protein mixtures are traditionally separated on polyacrylamide 

gel in two dimensions by IEF-SDS-PAGE (146). In the first dimension, proteins are sepa-

rated on immobilized pH gradients (IPG) strips according to their pI value in a process 

called isoelectric focusing (IEF). In the second dimension, proteins are separated by SDS-

PAGE according to their mass, resulting in a 2-dimensional map of protein spots (Figure 

7A). Subsequently, the proteins spots can be excised and digested for MS-based identifi-

cation. The use of fluorescent dyes has enabled the quantitative comparison of multiple 

samples on a single gel via the difference in-gel electrophoresis (DiGE) approach, elimi-

nating the difficulties in comparing multiple gels (147). Unfortunately, despite recent 

advances, membrane proteins in general cannot be separated by IEF-SDS-PAGE, because 

IEF is not compatible with the ionic detergents required for proper solubilization of most 

membrane proteins. Hydrophobic proteins tend to aggregate at their pI, and hydropho-

bic proteins usually do not transfer well from the hydrophobic IPG strips into the second 

dimension gel (148). Therefore, membrane proteins are highly underrepresented in IEF-

SDS-PAGE and cannot be quantified. 

Alternative gel separation protocols have been developed that show improved 

separation of membrane proteins (148). A popular approach is blue native (BN)-SDS-

PAGE. BN-PAGE was originally developed to separate intact and functional membrane 

protein complexes, in particular the complexes active in the respiratory chain of mito-

chondria (149). The complexes are solubilized in a mild nonionic detergent together with 

the anionic dye Coomassie brilliant blue G-250, which is relatively hydrophobic and 
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therefore binds to the hydrophobic surfaces of membrane proteins. Because of the 

negative charge, the solubility of membrane protein complexes in gel is improved and 

they can be separated based on mass by molecular sieving in a gradient gel (150). In the 

second dimension, the complexes are separated into their individual subunits by SDS-

PAGE (Figure 7B), enabling the detailed analysis of the composition of each complex. 

Successful applications of BN-SDS-PAGE to mitochondrial membrane complexes include 

the identification of new subunits of the F1F0-ATP synthase (151), and the analysis of 

stability of supercomplexes of respiratory chain complexes in the presence and absence 

of CL (152). BN-SDS-PAGE as well as the related clear native (CN)-SDS-PAGE have been 

widely used to study membrane complexes from a diverse range of membranes from 

many organisms (153). 

Some approaches for separation of membrane proteins use ionic detergents for both 

dimensions of gel migration. Either the same detergent (SDS) is used for both dimen-

sions, varying the acrylamide percentage or other conditions during electrophoresis 

(154), or two different detergents are used, as in benzyldimethyl-n-hexadecyl-

ammonium chloride (BAC)-SDS-PAGE (Figure 7C) (155), or cetyl-trimethyl-ammonium 

bromide (CTAB)-SDS-PAGE (156). Because the two separations are not orthogonal, most 

proteins will end up on a diagonal. However, membrane proteins tend to migrate slightly 

off-diagonal due to a difference in mobility under the different conditions in the two 

dimensions. SDS-SDS-PAGE has been used to obtain structural information by not heat-

ing the sample before separation in the first dimension, and treatment of the gel strip 
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Figure 7: 2D-gel approaches for the separation of proteins. (A) IEF-SDS-PAGE of a yeast total cell lysate (169). 

(B) BN-SDS-PAGE of thylakoid membrane complexes (170). The gel-lane after the separation in the first dimen-

sion is shown above the second dimension gel. (C) BAC-SDS-PAGE of yeast mitochondria (171). The inner area 

contains 90% of all proteins; the outer barrier marks the maximum separation area. For all gels, separation in 

the vertical direction is by SDS-PAGE. 
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with 25 % trifluoroethanol (TFE) before running the second dimension. In Escherichia coli 

inner membranes, some proteins were found to run off-diagonal in the second dimen-

sion using this approach, indicating that they were part of a complex that is stable in SDS 

at room temperature and dissociated in the presence of TFE (157). The set of proteins 

identified using this method was largely complementary to the proteins identified after 

BN-SDS-PAGE separation of E. coli inner membranes (158). 

1D gel-LC methods 

Alternatively, one dimensional SDS-PAGE can be used for protein separation. However, 

in a complex sample, individual proteins will not be completely resolved. To enable 

identification of a large number of proteins, individual bands can be excised, digested, 

and peptides further separated by liquid chromatography (LC). In most cases a reversed 

phase column is used for this purpose and the peptides are eluted directly in a mass 

spectrometer by the use of electrospray ionization (ESI) (5, 144). By using this approach, 

hundreds of proteins can be identified from a single gel lane, rendering it the preferred 

gel-based method for detecting large numbers of proteins, including hydrophobic pro-

teins. The detection of such a number of proteins, makes it feasible to analyze an organ-

ellar proteome such as the mitochondrial proteome from a single gel lane (23). When 

IEF-SDS-PAGE and SDS-PAGE combined with LC were compared as separation methods 

for the yeast mitochondrial proteome, 169 and 630 proteins were identified, respec-

tively, with hydrophobic proteins and proteins with low expression levels severely 

underrepresented using the first method (27). 

A major drawback of the 1D gel-LC approach is that the proteins cannot be quantified 

using gel staining methods, because they are not resolved individually on gel. Further-

more, not all hydrophobic, transmembrane segment containing peptides are efficiently 

eluted from the gel after digestion (5). Therefore detection of hydrophobic proteins still 

relies on the presence of hydrophilic peptides obtained from these proteins. Alternative 

methods to perform quantification of proteins by LC-MS/MS analysis are discussed 

below because they also apply to gel-free separation methods. 

Shotgun approaches 

Because of the limitations associated with gel separations, methods have been devel-

oped to circumvent this step. Especially shotgun proteomics, in which a protein mixture 

is first digested and the peptides are subsequently separated, is widely applied. How-

ever, the peptide mixture after digestion of a proteome is extremely complex, approxi-

mately up to twenty times as complex as a corresponding protein mixture, requiring 
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efficient separation methods to be able to identify all peptides. MudPIT, multidimen-

sional protein identification technology, is a 2D chromatography method that couples 

separation of peptides on a strong cation exchange column to separation on a reversed 

phase column (159). While over a 1000 different proteins can be identified in this man-

ner, including many membrane proteins (160), 1D gel-LC methods are often easier to 

implement when the number of proteins to be identified does not exceed this figure 

(161). This is partly because shotgun proteomics needs proper solubilization and diges-

tion techniques, compatible with subsequent LC-MS/MS analysis, to increase coverage 

of, in particular, membrane proteins (5, 162). Unfortunately, alternative digestion proto-

cols utilizing aspecific enzymes are often not compatible with protein quantification 

methods described below. In yeast mitochondria, the approach yielded 491 protein 

identifications, after using 4 different digestion enzymes, compared to 630 identifica-

tions for 1D gel-LC, as described above (27). There was only a limited overlap of 275 

proteins between the two datasets, indicating that the two approaches target subsets of 

proteins. 

To quantify protein expression levels in 1D gel-LC and shotgun approaches, new 

methods have been developed. For example, counting the number of peptides or spectra 

identifying a protein provides a rough estimate of its abundance at a level of accuracy 

comparable to some gel staining methods (163, 164). Alternatively, the chromatogram of 

a particular peptide as it elutes in the mass spectrometer, called the extracted ion 

current (XIC), can be compared between different conditions to estimate differences in 

protein abundance. However, the standard in MS-based quantification is the use of 

stable isotope labeling. Because peptides that differ only in their isotopic content will 

elute simultaneously from the LC column and have the same ionization efficiency, their 

relative intensities in the MS spectrum reflect a difference in abundance (163). Deuter-

ated peptides are an exception because they do not always co-elute with unlabeled 

peptides (165). Multiple samples can be compared, depending on the number of stable 

isotopes used, as peptides from each sample should differ in mass compared to peptides 

originating from other samples. Stable isotopes can be introduced metabolically, chemi-

cally, or enzymatically (163). Because α-helical membrane proteins often yield a low 

number of peptides that can be analyzed, methods that isotopically label all possible 

peptides are preferred to increase the chances of obtaining reliable quantification results 

for these proteins. Isobaric tags for relative and absolute quantitation (iTRAQ) (166) or 

complete metabolic labeling with 
15

N (167), are two examples of techniques that meet 

this requirement and have been applied to quantify membrane proteins (5). The latter 
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method was directly compared with quantification by DiGE for yeast lysates and the two 

methods were found to be in excellent agreement (168). 

Scope of this thesis 

In this thesis, the development and application of new proteomic approaches is de-

scribed that provide new insights into yeast mitochondrial membrane organization. 

State-of-the-art MS-based protein identification methods were used to identify proteins 

interacting with photoactivatable phospholipid analogues. Because radiolabels com-

monly employed in the detection of photocross-link products are avoided in mass spec-

trometry, new methods that capture proteins that bind to lipids were applied. In addi-

tion, a method to detect stable membrane protein complexes was applied to yeast 

mitochondria, and the effect of PC depletion on changes in mitochondrial protein levels 

was investigated. 

In Chapter 2, it is described how ASA-PE was used to find lipid headgroup-interacting 

proteins in inner mitochondrial membranes. Cross-linking to peripheral membrane 

proteins was first tested in a model membrane system with cytochrome c. It was found 

that cross-link products could be visualized on gel by taking advantage of the intrinsic 

absorbance of the cross-linker. Cross-linking in inner mitochondrial membranes yielded 

cross-link products migrating at approximately 34 kDa and 72 kDa in an SDS-PAGE gel. 

These proteins were identified by LC-MS/MS analysis 

As pointed out in Chapter 3, this method was improved by the use of photoactivat-

able lipid-analogues with baits at the end of the acyl chains for the attachment of a 

fluorescent compound or biotin. In this way, cross-link products could be selectively 

detected and purified for subsequent identification. 

Chapter 4 describes the application to yeast mitochondria of the 2D gel system that 

detects protein interactions that are stable in SDS, but not in TFE. In contrast to the 

results obtained previously for E. coli, only one off-diagonal spot was obtained, which 

represented a matrix protein that might be membrane associated. This indicates that a 

difference in membrane protein complex stability exists between the two membrane 

systems. 

The influence of PC on mitochondrial protein levels is described in Chapter 5. Upon 

depletion of the cellular PC content, a limited number of mitochondrial proteins was 

found to become more abundant. In addition, non-mitochondrial proteins were enriched 

in PC-depleted mitochondria, indicating stronger association of mitochondria with other 

organellar membranes under these conditions. 
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The new insights obtained on mitochondrial membrane organization are integrated 

and discussed in Chapter 6. 
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Abstract 

To analyze proteins interacting at the membrane interface, a phospholipid analogue was 

used with a photoactivatable headgroup (ASA-DLPE, N-(4-azidosalicylamidyl)-1,2-

dilauroyl-sn-glycero-3-phosphoethanolamine) for selective cross-linking. The peripheral 

membrane protein cytochrome c from the inner mitochondrial membrane was rendered 

carbonate wash-resistant by cross-linking to ASA-DLPE in a model membrane system, 

validating our approach. Cross-link products of cytochrome c and its precursor apo-

cytochrome c were demonstrated by MALDI-TOF MS, and were specifically detected by 

SDS-PAGE, taking advantage of the intrinsic UV absorbance of the cross-linker. 

Application of the method to inner mitochondrial membranes from Saccharomyces 

cerevisiae revealed cross-link products of both exogenously added apo-cytochrome c and 

endogenous proteins with molecular weights around 34 kDa and 72 kDa. LC-MS/MS was 

performed to identify these proteins, resulting in a list of candidate proteins potentially 

cross-linked at the membrane interface. The approach described here provides 

methodology for capturing phospholipid-protein interactions in their native environment 

of the biomembrane using modern proteomics techniques. 

Introduction 

Biological membranes are highly dynamic structures that are not only essential for 

maintaining the integrity of cells and cell organelles, but also play a vital role in 

numerous cellular processes. While it has been estimated that intrinsic or integral 

membrane proteins comprise up to 30% of the proteome (1), emphasizing their 

importance, they have traditionally been underrepresented in proteomics studies. The 

main reason for this is their disadvantageous properties such as poor solubility and low 

abundance, requiring special purification and separation methods (2, 3). Next to intrinsic 

membrane proteins, many extrinsic or peripheral membrane proteins are known to be 

associated with the biological membrane. Their function often relies on specific 

recruitment to the membrane via either protein-protein or protein-lipid interactions. 

Lipid binding domains, such as C1, C2, PH, FYVE, PX, ENTH, and ANTH (4), are among the 

most common types of domains found in the eukaryotic proteome and play an 

important role in vital processes such as cell signaling and membrane trafficking (5). 

A variety of strategies has been employed that make use of the occurrence of lipid-

protein interactions as a tool to study a subset of the membrane protein proteome, such 

as probing proteome chips with labeled lipids (6), or using lipids bound to resins (7) or a 
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solid support (8) for purifying lipid-binding proteins from cell extracts. Unfortunately, 

these methods all have the disadvantage that they do not probe the interactions be-

tween lipids and proteins in the native environment of the lipid bilayer. An alternative 

method that can be applied in situ, in a biological membrane, is the use of photo-

activatable cross-linkers (9). These molecules can, once incorporated into a biological 

system and activated with UV light, form covalent bonds with any adjacent molecule 

through highly reactive intermediates. For example 3-trifluoromethyl-3-[
125

I]aryl-

diazirinephosphatidylcholine ([
125

I]-TID-PC) was shown to specifically label the glycerol-3-

phosphate dehydrogenase, Gut2p, in mitochondria when this probe was added in vitro 

(10). In another approach, photoactivatable [
3
H]cholesterol, [

3
H]phosphatidylcholine, 

and [
3
H]phosphatidylinositol, containing a photoreactive diazirine moiety, were used to 

photolabel specific subsets of interacting proteins in vivo (11). Alternatively, cross-linking 

from proteins or peptides to lipids proved to be a useful tool to study lipid-protein 

interactions (12). 

Photoreactive labeling has traditionally been applied to the hydrophobic membrane 

core, mainly by attaching the photoreactive group at the end of a phospholipid acyl 

chain. Due to the chemical inertness of this environment, the lifetime of the highly 

reactive intermediates that are generated after UV activation is increased, improving the 

chance of cross-linking to interacting proteins (9). Photolabeling at the membrane 

interface, however, allows for cross-linking to extrinsic membrane proteins and to less 

hydrophobic regions on target proteins, facilitating subsequent analysis. Successful 

cross-linking at the membrane interface was reported using the arylazide cross-linker 

[
125

I]-ASA-DLPE (N-([
125

I]iodo-4-azidosalicylamidyl)-1,2-dilauroyl-sn-glycero-3-phospho-

ethanolamine) (13, 14). This probe was used in (proteo)liposomes to cross-link periph-

eral subunits of the reconstituted bacterial ATP synthase complex (13), the adhesive 

protein bindin (15), and membrane penetrating toxins (16, 17). By incorporating this 

photoactivatable lipid in biological membranes, specific labeling of proteins was shown 

(18, 19). For instance, the human erythrocyte band 7.2b was identified as a cross-linked 

protein, by digestion and Edman sequencing of a radioactively labeled protein band, and 

by immunoprecipitation of the radioactive label with a specific antibody against this 

protein (19). 

In this study, we used ASA-DLPE in a proteomics approach aimed at selectively cross-

linking and identifying proteins interacting with phospholipids at the membrane inter-

face. To be able to use mass spectrometry as a method for detection and identification 

of cross-link products, we avoided the use of radioactive labels. To test and establish 

conditions for this approach, the cross-linker was first applied in a model system of large 
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unilamellar vesicles and the well-studied mitochondrial peripheral membrane protein 

cytochrome c and its precursor apo-cytochrome c (20). Anionic lipids were included in 

the vesicles to bind (apo-)cytochrome c electrostatically. Subsequently the ability of the 

probe to cross-link (apo-)cytochrome c and retain it on the membrane even under 

stringent wash conditions was tested. On the basis of the results of these experiments, 

the cross-linker probe was applied to mitochondrial inner membranes of the yeast 

Saccharomyces cerevisiae, enabling the comparison between the model and biological 

systems. Using the intrinsic absorbance of the photocross-linker for detection, a specific 

subset of proteins was found to be labeled by the ASA-PE probe. 

Materials and Methods 

Materials 

Cytochrome c from horse heart and from yeast was purchased from Sigma (St. Louis, 

MO). Horse heart apo-cytochrome c was derived from cytochrome c by removing the 

heme group, as described (21), and stored at 7.2 mg/mL in 10 mM sodium phosphate 

buffer (pH = 7.3) in small aliquots at -20 °C. 1,2-dilauroyl-sn-glycero-3-phosphoethanol-

amine (DLPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dipalmitol-

eoyl-sn-glycero-3-phosphoethanolamine (DPoPE), 1,2-dioleoyl-sn-glycero-3-phospho-

ethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-

dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DOPG) were from Avanti Polar Lipids 

(Alabaster, AL). N-Hydroxysuccinimidyl-4-azidosalicylic acid (NHS-ASA) was obtained 

from Pierce (Rockford, IL). All other chemicals were at least analytical grade. All handling 

of photosensitive compounds was performed under red safety light conditions. 

Synthesis of phospholipid cross-linkers 

The ASA-PE photoactivatable phospholipids were synthesized essentially as described 

(18) with some modifications: 

DLPE, DPPE, DPoPE or DOPE was mixed with NHS-ASA in CHCl3 to obtain concentra-

tions of 12.5 mM and 19 mM, respectively. Triethanolamine was added to adjust to a 

reading of pH 8 on indicator paper, and the reaction was allowed to proceed overnight at 

37 °C. Formation of the product was monitored by thin-layer chromatography (TLC) on 

Silica-HPTLC-60 plates (Merck, Darmstadt, Germany) using 9:2:1.6:1:0.5 CHCl3/

CH3COCH3/CH3OH/CH3COOH/H2O (v/v/v/v/v) as eluent. Reaction products were detected 
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by staining with I2 and by specific staining of phosphate by spraying with a 150 mM 

molybdate solution in 12.5 N H2SO4. 

The product was isolated by TLC as above, loading the sample on the whole width of 

the plate and using a small strip for detection by I2. Before use, TLC plates were washed 

with 2:1:0.8 CHCl3/CH3OH/H2O (v/v/v) and dried in the oven for 1 h. The product was 

scraped off and extracted from the silica in 2 × 3 mL of 2:1 CHCl3/CH3OH (v/v). The silica 

was removed by centrifugation and the solvent evaporated under a N2 flow. The lipid 

film was dissolved in 2:1 CHCl3/CH3OH (v/v) to a concentration of approximately 5 mM 

and any remaining silica pelleted in an additional centrifugation step. The product was 

stored in sealed amber vials at -20 °C. 

The identity of the ASA-PEs was established using nano-ESI-MS (MicroMass LCT, 

Waters, Milford, MA) in the positive-ion mode, and the presence of the photoactivatable 

moiety was further confirmed by the change in the absorption spectrum in CH3OH 

between 250 and 500 nm upon exposure to UV light as described below (data not 

shown). The typical yield relative to the amount of phospholipid used in the synthesis 

was 60-70%. The purity of the compounds was routinely tested by TLC as above. 

Cross-linking in model membranes 

All steps were performed at room temperature. DOPC and DOPG were mixed in a molar 

ratio of 7:3 in CHCl3 together with 0-4 mol % of photoactivatable phospholipid as 

indicated. The solvent was evaporated under N2 and the lipid film dried under vacuum 

for 2 h. The lipid films were hydrated in H-buffer (50 mM NaCl, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 10 mM N-(2-hydroxyethyl)piperazine-N’-

ethanesulfonic acid (HEPES), pH 7.5) to a lipid concentration of 5 mM and LUVETs (large 

unilamellar vesicles obtained by extrusion technology) were prepared by eight freeze-

thaw cycles and eight passages of the suspension through a 0.2 µm pore size membrane 

filter (anotop 10, Whatman, Brentford, UK). 

Cytochrome c (from a 1 mg/mL stock solution in H-buffer) or apo-cytochrome c (from 

a 7.2 mg/mL stock solution as described above) was added to the vesicles to typical final 

concentrations of approximately 0.24 mg/mL cytochrome c, 0.12 mg/mL apo-

cytochrome c, and 4-5 mM phospholipid. In the case of cytochrome c, these conditions 

approached saturated binding to the vesicles (22, 23). After 20 min the vesicles were 

pelleted for 1 h at 200,000g. The pellets were resuspended in H-buffer to a phospholipid 

concentration of 4-10 mM and exposed to UV light of 366 nm (Mineralight UVGL-58, UVP 

Inc., San Gabriel, CA) as described (16) at room temperature for 20 min, unless indicated 

otherwise. Control samples were left in the dark for corresponding periods of time. After 



42  

Chapter 2 

cross-linking, either Na2CO3 dissolved at 100 mM in H-buffer was added to a final con-

centration of 40 mM or H-buffer was added to the same final volume. After 20 min the 

vesicles were pelleted at 355,000g for 30 min. 

To quantitate the amount of bound cytochrome c, the pellets from the cross-link 

experiments were dissolved in 200 µL of 5 mM sodium ascorbate, 4% (w/v) sodium 

cholate, 40 mM NaH2PO4, pH 7.3, and the differences in absorbance at 550 and 563 nm 

were measured in micro cuvettes on a double-beam spectrophotometer (24). To relate 

the amount of cytochrome c to the amount of phospholipid in the pellet, the phospho-

lipid concentration in the supernatants was measured and subtracted from the total 

amount of phospholipid present. Typically, 80 mol % of the total phospholipid contents 

was pelleted. 

MALDI-TOF MS analysis of (apo-)cytochrome c 

To detect modified proteins, pellets from cross-link experiments were resuspended in 

100 µL of H-buffer. The pH of the supernatants containing carbonate was adjusted to pH 

~ 7 with 1 M HCl. Proteins from both pellets and supernatants were precipitated in 

CHCl3/CH3OH (25). The resulting protein pellets were air-dried and resuspended in a 

small volume of 1:1 acetonitrile / H2O (v/v) containing 0.1% (v/v) trifluoro acetic acid and 

0.5% (w/v) sinapic acid. A 1 µL aliquot of each solution was spotted on a stainless steel 

MALDI plate and the samples were analyzed on a MALDI-TOF/TOF instrument (Applied 

Biosystems 4700, Foster City, CA), equipped with a 200 Hz Nd:YAG laser operating at 355 

nm. Experiments were performed in a linear positive ion mode using delayed extraction. 

Typically, 4000 shots per spectrum were acquired in the MS mode. 

In the case of the analysis of digested (apo-)cytochrome c, the samples were run on 

gel as stated below and digested as described under ‘LC-MS/MS analysis’ below. The 

peptides were purified using ZipTip μC18 tips (Millipore, Billerica, MA) according to the 

manufacturer’s instructions and eluted directly on a MALDI plate using α-cyano-4-

hydroxycinnamic acid as matrix. Mass spectrometry (MS) measurements were per-

formed on the instrument described above in a reflectron positive ion mode using 

delayed extraction. 

Analysis by SDS-PAGE 

(Apo-)cytochrome c from a cross-link experiment was precipitated as above, and protein 

pellets were boiled in SDS-PAGE sample buffer containing 25 mM dithiotreitol (DTT) and 

analyzed by SDS-PAGE using 15% (w/v) acrylamide. The gels were fixed 2 × 30 min in 

5:1:4 CH3OH/CH3COOH/H2O (v/v/v), washed in H2O for 5 min, and photographed under 
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UV light (Biorad GelDoc 2000, Hercules, CA), prior to staining with Coomassie brilliant 

blue. 

Isolation of mitochondrial inner membranes 

The yeast strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) was grown aerobically to 

late log phase at 30 °C in semi-synthetic lactate medium (26) supplemented with 20 mg/

L histidine, 60 mg/L leucine, 230 mg/L lysine and 40 mg/L uracil. After washing the cells 

with 1 mM EDTA, pH 7.4, spheroplasts were prepared using zymolyase as described (26), 

and broken in a Dounce homogenizer in buffer containing 0.6 M sorbitol, 1 mM 

phenylmethanesulfonyl fluoride (PMSF), 0.5% (w/v) dextran (Roth), 10 mM EDTA, and 10 

mM 4-morpholineethanesulfonic acid (MES), pH 6.0. Crude mitochondria were isolated 

using differential centrifugation and further purified on a sucrose gradient as described 

(27). 

Mitochondrial subfractionation was carried out as described (28). The fraction con-

taining inner membrane vesicles (IMVs) was washed with H/K buffer (10 mM KCl, 2.5 

mM EDTA, 5 mM HEPES, pH 7.4). The IMVs were pelleted for 1 h at 200,000g at 4 °C, 

resuspended in H/K buffer to a concentration of ~4 mg of protein/mL, frozen in liquid 

nitrogen, and stored in aliquots at -80 °C. 

The purity of the vesicles was assessed by Western blots using antibodies against 

Sec61p, kindly provided by R. Schekman, against Tom20p and Mir1p, kindly provided by 

R. Lill, and an antiserum raised against yeast cytochrome c (29) as primary antibodies, 

goat anti-rabbit IgG (H+L)-HPR (Biorad) as a secondary antibody and ECL solutions for 

visualization (27). 

Cross-linking in inner membrane vesicles 

IMVs corresponding to approximately 200 µg of protein were thawed and H/K buffer 

containing 1 mM PMSF was added to a total volume of 500 µL. To incorporate the cross-

linker, 15 nmol of ASA-DLPE was dried under N2, dissolved in 10 µL of ethanol, and added 

to the IMV suspension. The mixtures were incubated at 37 °C for 30 min, immediately 

chilled on ice, and, to remove non-incorporated ASA-DLPE, layered on top of 500 µL of 

0.5 M sucrose in H/K buffer. After centrifugation at 165,000g for 1 h at 4 °C, the pellets 

were washed in 200 µL of H/K buffer and centrifuged for 20 min at 200,000g and 4 °C. 

The IMV pellet was resuspended in 400 µL of H/K buffer, and, where indicated, 20 µg of 

apo-cytochrome c from horse heart was added. After 20 min on ice, half of the sample 

was kept in the dark, and the other half exposed to UV light on ice, as described above. 

Subsequently, samples were split, and either 60 µL of 100 mM Na2CO3 or 60 µL of H/K 
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buffer was added. After 20 min on ice, all four samples were centrifuged for 20 min at 

355,000g and 4 °C. 

Pellets, after resuspension in H/K buffer, and supernatants were subjected to pro-

tein-precipitation as above (25). The resulting protein pellets were boiled in XT sample 

buffer (Biorad) supplemented with XT reducing agent (Biorad) and separated on CRITE-

RION XT 4-12% (w/v) Bis-Tris gels (Biorad) in MES running buffer according to the manu-

facturer’s instructions. The gels were fixed 1 × 30 min and 1 × overnight in 5:1:4 CH3OH/

CH3COOH/H2O (v/v/v), washed 3 × 15 min in H2O, and photographed under UV light 

(Biorad GelDoc 2000), prior to staining with Coomassie brilliant blue. 

In a control experiment, 7:3 DOPC / DOPG (mol/mol) LUVETs, corresponding to 120 

nmol of phospholipid and prepared as described in ‘cross-linking in model membranes’, 

were treated exactly as described above except for the centrifugation step on a sucrose 

cushion. Instead the vesicles were directly pelleted for 1 h at 200,000g and 4 °C before 

resuspension and addition of apo-cytochrome c. 

LC-MS/MS analysis for protein identification 

Bands of interest were excised and in gel digested with trypsin essentially as described 

with slight modifications (30). In brief, the gel pieces were reduced (6.5 mM DTT in 50 

mM NH4HCO3, pH 8.5), and alkylated (54 mM iodoacetamide in 50 mM NH4HCO3, pH 

8.5), while washing and dehydrating in between using 50 mM NH4HCO3 and acetonitrile, 

respectively. Proteins were digested overnight at 37 °C by adding 150 ng of trypsin in a 

final volume of 20 µL of 50 mM NH4HCO3. Digestion was stopped by adding an equal 

volume of 0.6% (v/v) acetic acid. 

Nanoscale LC-MS/MS was performed by coupling an Agilent 1100 Series LC system to 

a LTQ XL quadrupole ion trap mass spectrometer (Finnigan, San Jose, CA). Peptide 

mixtures were concentrated and desalted using an on-line C18 trap column (o.d. 375 

mm, i.d. 100 mm packed with 20 mm of 5 mm AQUA C18, RP particles (Phenomenex, 

Torrance, CA)), and further separation was achieved by gradient elution of peptides onto 

a C18 reverse-phase column (o.d. 375 mm, i.d. 50 mm packed with 15 cm of 3 mm C18, 

Reprosil RP particles (Dr. Maisch, Ammerbuch-Entringen, Germany)). MS detection in the 

LTQ was achieved by directly spraying the column eluent into the electrospray ionization 

source of the mass spectrometer via a butt-connected nano-electrospray ionization 

emitter (New Objective, Woburn, MA). A linear 30 min gradient (0-50% B) was applied 

for peptide elution into the MS at a final flow rate of 100 nL/min. The total analysis time 

was 1 h. Mobile-phase buffers were (A) 0.1 M acetic acid and (B) 80% acetonitrile, 0.1 M 

acetic acid. The LTQ operated in the positive ion mode, and peptides were fragmented in 
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data-dependent mode. One mass spectrometry survey zoom scan was followed by three 

data-dependent MS/MS scans. 

Database searching 

Tandem mass spectra were extracted and charge state deconvoluted by BioWorks 

version 3.2. All MS/MS samples were analyzed using Mascot (Matrix Science, London, 

UK; version 2.1.02) and X! Tandem (www.thegpm.org; version 2006.04.01.2). Mascot 

was set up to search the Yeast 4932 database (6195 entries), and the sample containing 

horse heart apo-cytochrome c was searched using the UniProt-Swiss-Prot database 

(version 50.0, 222289 entries). X! Tandem was set up to search the same databases but 

using a different version of UniProt-Swiss-Prot database (version 48.3, 196277 entries). 

Both databases were searched with a parent ion tolerance of 0.5 Da and a fragment ion 

mass tolerance of 0.9 Da. Fixed and variable modifications were the iodoacetamide 

derivative of cysteine and oxidation of methionine, respectively. 

Criteria for protein identification 

Scaffold (version 01_05_00, Proteome Software Inc., Portland, OR) was used to validate 

MS/MS based peptide and protein identifications. Peptide identifications were accepted 

if they could be established at greater than 95.0% probability as specified by the Peptide 

Prophet algorithm (31). Protein identifications were accepted if they could be 

established at greater than 99.0% probability as specified by the Protein Prophet 

algorithm (32), and contained at least two identified peptides. Proteins that contained 

similar peptides and could not be differentiated on the basis of MS/MS analysis alone 

were grouped to satisfy the principles of parsimony. 

Other methods 

Phospholipid and phospholipid cross-linker concentrations were measured by 

phosphorus determination (33) after destruction in perchloric acid at 180 °C using 0-50 

nmol of KH2PO4 as a standard. In samples derived from yeast mitochondria, the 

phospholipids were first extracted (34). Protein concentrations were determined using 

the BCA method (Pierce) with 0.1% (w/v) SDS added and bovine serum albumin as a 

standard. 
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Results 

To selectively detect and identify proteins interacting with phospholipids at the 

membrane interface, we made use of ASA-DLPE as a cross-linker probe. ASA-DLPE 

(Figure 1) is a phospholipid with a photoactivatable nitrene-generating moiety for cross-

linking attached to the headgroup, and with short, C12, acyl chains to allow for 

incorporation in biological membranes by addition from ethanol solution (16, 19). Once 

incorporated in a membrane system, the cross-linker should be able to cross-link either 

peripheral membrane proteins or parts of integral membrane proteins that are exposed 

to the membrane interface. A subsequent wash using sodium carbonate can be used to 

wash away non-cross-linked peripheral membrane proteins that primarily have an 

electrostatic interaction with the membrane. 

UV-activation of LUVETs containing ASA-PEs in the presence of cytochrome c yielding a 

carbonate wash-resistant fraction of cytochrome c 

To test for cross-linking of the peripheral membrane protein cytochrome c, LUVETs were 

prepared that contained ASA-DLPE. Cytochrome c from horse heart was allowed to bind 

Figure 1: Mechanism of activation of ASA-DLPE in UV light. Upon illumination with UV light, the photoreactive 

probe ASA-DLPE forms a highly reactive nitrene intermediate that can react with adjacent molecules. Due to 

the location of the nitrene-generating arylazide on the phospholipid headgroup, molecules interacting at the 

membrane interface will be preferentially labeled. 
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before the vesicles were incubated in UV light or left in the dark, and a wash with sodium 

carbonate was applied to remove non-cross-linked proteins. The amounts of cytochrome 

c and phospholipid in the vesicles were determined spectrophotometrically and the 

cytochrome c/lipid ratio was calculated. Figure 2 shows the result of a typical 

experiment. When ASA-DLPE was incorporated in the vesicles, significantly more 

cytochrome c remained bound to the membranes upon treatment with UV light and 

after carbonate washing than in the absence of ASA-DLPE. The amount of cytochrome c 

bound remained constant after 10 min of activation. When the cross-linker ASA-DLPE 

was omitted from the system, a constant amount of cytochrome c remained bound to 

the vesicles after the carbonate wash, irrespective of UV activation. In the absence of 

cytochrome c, no signal was observed, indicating that the presence of phospholipids or 

cross-linker does not interfere with the spectrophotometric detection of cytochrome c. 

Similar results were obtained with yeast cytochrome c (data not shown). 

Subtraction of the cytochrome c/lipid ratios obtained for the samples left in the dark 

from the values obtained for the samples activated with UV light yielded the cytochrome 

c fraction that became resistant to carbonate wash after activation of ASA-DLPE, and 

that is presumed to have cross-linked to the phospholipid membranes. Figure 3A shows 

the dependence of the size of this fraction on the concentration of cross-linker present in 
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Figure 2: Quantification of the membrane-associated pool of cytochrome c that is resistant to carbonate 

wash after UV activation of ASA-DLPE. LUVETs consisting of DOPC and DOPG (7:3 (mol/mol)), and with (■) or 

without (○) 4 mol % ASA-DLPE, were incubated at a concentration of 4 mM total phospholipid with 0.24 mg/mL 

horse heart cytochrome c. The vesicles were activated in UV light for the times indicated, washed with 

carbonate, and pelleted, and the phospholipid and cytochrome c contents analyzed by spectrophotometry as 

described in ‘Materials and Methods’. The results of a typical experiment are shown as the amount of 

cytochrome c per mole of lipid in the pellet fraction plotted against the time of UV activation. 
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the system. The amount of cytochrome c cross-linked increased with higher ASA-PE 

concentrations and started to level off around a concentration of 2-3 mol % cross-linker. 

On the basis of these results it was calculated that when 1% cross-linker was incorpo-

rated, approximately 1.2 mol % of the available cross-inker molecules became attached 

to cytochrome c, as compared to 0.7 mol % when 4% cross-linker was used. In these 

calculations it was assumed that only one cross-linker was bound per protein. 
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Figure 3: Dependence of the size of the membrane-associated pool of cytochrome c resistant to carbonate 

wash on the concentration and the acyl chain composition of the cross-linker ASA-PE. Cross-link experiments 

were performed as described in the caption of Figure 2, varying the concentration of ASA-DPPE (A) or the acyl 

chain composition of the lipid cross-linker (B). The increase in cytochrome c associated per total lipid was calcu-

lated by subtracting the amount of cytochrome c bound per total lipid in the absence of UV treatment from the 

amount of cytochrome c bound per total lipid after UV treatment, both after carbonate wash. The error bars at 

1, 2, and 3% ASA-DPPE in panel A represent the maximum variation from the mean (n = 2). Error bars at 0 and 

4% ASA-DPPE in panel A and error bars in panel B represent the standard deviation (n ≥ 3). 
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Figure 4: MALDI-TOF MS analysis of cytochrome c after cross-linking. After a cross-link experiment as de-

scribed in the caption of Figure 2, cytochrome c was precipitated and analyzed by MALDI-TOF MS in the linear 

mode. Peaks resulting from horse heart cytochrome c (m/z 12363.1) and cytochrome c with one (m/z 13092.6) 

or two (m/z 13807.2) covalently linked lipids were found. The peak at m/z 12571.6 most likely represents a 

matrix adduct. 
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To study the influence of the nature of the acyl chains of the cross-linker on the size 

of the carbonate wash-resistant fraction of cytochrome c after photoactivation, several 

ASA-PEs, differing in acyl chain composition, were synthesized. Figure 3B compares the 

results obtained using vesicles containing lipid cross-linkers with saturated acyl chains, 

ASA-DLPE and ASA-DPPE, two lipid cross-linkers with unsaturated acyl chains, ASA-DPoPE 

and ASA-DOPE, and vesicles containing no lipid cross-linker. The vesicles containing the 

different photoactivatable phospholipid species showed a similar increase in the size of 

the carbonate wash-resistant fraction of cytochrome c after UV activation, indicating 

that upon cross-linking cytochrome c was retained on the membrane surface to similar 

extents, irrespective of the acyl chain composition. 

Cross-linked cytochrome c demonstrated by mass spectrometry 

To prove that cytochrome c retained on the LUVETs after UV activation and carbonate 

wash was indeed covalently attached to ASA-PE, the protein was precipitated from the 

vesicles after a cross-link experiment as described above with 4 mol % ASA-DLPE. The 

protein precipitate was analyzed directly using MALDI-TOF mass spectrometry (Figure 4). 

Unmodified cytochrome c and cytochrome c with one and two lipid cross-linkers 

attached were detected in the mass spectrum after UV activation. The intensities of the 

cross-link products were low compared to the signal of the unmodified protein, which is 

possibly due to the reduced ionization rate of proteins cross-linked to the relatively 

hydrophobic phospholipids when compared to the free protein. Both cytochrome c from 

horse heart and from yeast showed additional peaks in the spectra after UV incubation 

Table 1: MALDI-TOF MS analysis of cross-link products 
a
 

    Observed (m/z) Calculated (m/z) 

Crosslinker Cytochrome c Unmodified 
b
 Cross-linked 

c
 Cross-linked 

d
 

ASA-DLPE Horse heart 12363.1 13092.6 13074.9 

ASA-DPPE Horse heart 12363.6 13162.1 13187.6 

ASA-DLPE Yeast 12707.6 13429.2 13419.4 

ASA-DPPE Yeast 12709.6 13533.9 13533.6 

ASA-DLPE Horse heart apo 11741.2 12463.4 12453.0 

ASA-DPPE Horse heart apo 11742.3 12576.9 12566.3 

a
 Cytochrome c from horse heart, from yeast, and apo-cytochrome c derived from horse heart cytochrome c 

were used in a cross-link assay with vesicles containing ASA-DLPE or ASA-DPPE as described in the caption of 

Figure 2. Apo-cytochrome c was used at a concentration of 0.12 mg/mL. After precipitating the proteins from 

the pellet fraction, the masses of unmodified and cross-linked proteins were measured by MALDI-TOF MS and 

compared with the calculated values. 
b 

Mass observed for unmodified protein. 
c
 Mass observed for protein with 

one cross-linker attached. 
d
 Theoretical mass after cross-linking, calculated from the mass observed for the 

unmodified protein and the mass of the cross-linker used. 
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with ASA-DLPE or ASA-DPPE, close to the predicted m/z values of cross-link products of 

the respective proteins and lipids (Table 1). 

Cross-link products visualized selectively in gel under UV illumination 

To detect cross-linked proteins in more complex, biological samples, we explored 

alternative ways to directly visualize cross-link products. Because the ASA-PE probes still 

absorb UV light after cross-linking (16) we examined whether this property could be used 

to detect cross-link products after separation by SDS-PAGE. To avoid interference of the 

UV absorbing heme with the detection of cross-link products, apo-cytochrome c derived 

from horse heart cytochrome c was used. Apo-cytochrome c, the cytochrome c precursor 

that lacks the heme moiety, is an unfolded protein, exposing hydrophobic residues, and 

has both electrostatic and hydrophobic interactions with negatively charged membranes 

(20). When apo-cytochrome c was added to vesicles containing ASA-DLPE or ASA-DPPE, 

clear cross-link products were demonstrated after UV activation using MALDI-TOF mass 

spectrometry (Table 1). SDS-PAGE analysis of the supernatants and pellets from a cross-

link experiment (Figure 5A) shows that, after UV activation, there was an increase in 

carbonate wash-resistance when compared to the un-cross-linked protein (compare 

lanes 5 and 7 and lanes 6 and 8 and the corresponding supernatants). In addition, a 

slightly smeared Coomassie stained band appeared above the apo-cytochrome c band in 

the pellet fractions after cross-linking (lanes 5 and 6) that was hardly present in the 

supernatants (lanes 1 and 2). 

Figure 5: Selective detection of cross-link products in SDS-PAGE gels. A cross-link experiment was performed 

in LUVETs, as described in the caption of Figure 2, using horse heart apocytochrome c (0.12 mg/mL). Samples 

were either activated in UV light or left in the dark, after which they were washed with or without carbonate, 

as indicated. Protein precipitates from both pellets and supernatants were boiled in SDS-PAGE sample buffer 

and separated on 15% polyacrylamide gels. After fixation, the gels were photographed under UV light (B) and 

subsequently stained with Coomassie (A). 
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Under UV light a strikingly simple pattern emerged: For apo-cytochrome c only the 

additional smeared band migrating above apo-cytochrome c after cross-linking was 

visible (Figure 5B, lanes 5 and 6). Figure 5B also shows a low molecular weight UV ab-

sorbing band that appeared after cross-linking below apo-cytochrome c (lanes 5 and 6). 

Most likely this represents a cross-link product not containing protein, because it is not 

visible after Coomassie staining (Figure 5A). Experiments with holo-cytochrome c yielded 

similar results; however, in this case, un-cross-linked protein was also visible under UV 

illumination (data not shown). It should be noted that the carbonate wash was more 

effective in washing off un-cross-linked holo-cytochrome c from the membrane than 

apo-cytochrome c due to the differences in interactions of holo-cytochrome c and apo-

cytochrome c with phospholipid membranes (20). However, by using UV illumination we 

were able to detect cross-linking of both proteins, irrespective of the difference in 

carbonate wash-resistance. 

Apo-cytochrome c cross-linked to mitochondrial inner membranes of S. cerevisiae 

To test whether the approach is applicable to biological membranes, inner mitochondrial 

membrane vesicles (IMVs) from the yeast Saccharomyces cerevisiae were isolated. The 

purity of the IMVs was assessed by Western blotting using antibodies against markers for 

ER, mitochondrial outer membranes, and mitochondrial inner membranes, as shown in 

Figure 6. Similar enrichments were found for the inner membrane protein Mir1p and the 

peripheral membrane protein cytochrome c in the mitochondrial fraction and derived 

IMVs as compared to the cell homogenate, indicating that peripheral membrane 

proteins stay attached during the preparation of IMVs. The outer membrane protein 

Tom20p was enriched in the mitochondrial fraction and largely depleted in the IMVs. The 

integral membrane protein Sec61p was used as a marker for ER contamination. In 

Sec61p

Mir1p

Tom20p

Total Mito IMV

MIM

MOM

ER

pMIM Cyt. c

Figure 6: Purity of mitochondrial inner membrane 

vesicles. IMVs were isolated from yeast mitochon-

dria, and their purity was assessed by immunoblot-

ting. Equal amounts, based on protein content, of 

total cell lysate (Total), purified mitochondria 

(Mito), and IMVs were analyzed using antisera 

against Mir1p, cytochrome c, Tom20p, and Sec61p 

as markers for mitochondrial inner membrane 

(MIM), peripheral inner membrane proteins 

(pMIM), mitochondrial outer membrane (MOM), 

and ER, respectively. For the detection of Mir1p, 

cytochrome c, and Sec61p, 1 µg of protein was 

loaded per lane and for Tom20p, 2.5 µg of protein. 
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agreement with previous studies (27, 35) some ER contamination of the mitochondria 

was found that was slightly enriched in the preparation of IMVs (Figure 6). 

The cross-linker with C12 acyl chains, ASA-DLPE, was incorporated into IMVs by 

addition from solution in ethanol. To enable detection of cross-link products of apo-

cytochrome c by UV, this protein was also added. Cross-linking and SDS-PAGE analysis 

were performed as before, except for the use of gradient gels to obtain better resolu-
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Figure 7: Cross-linking in inner membrane vesicles. Cross-link experiments were performed in LUVETs (A and 

B) or IMVs (C–F) with ASA-DLPE added from a solution in ethanol and in the presence (A–D) or absence (E and 

F) of horse heart apo-cytochrome c (arrowhead). Samples were either activated in UV light or left in the dark, 

and subsequently washed with or without carbonate, as indicated. Protein precipitates from pellets and super-

natants were boiled in XT sample buffer (Biorad) and separated on CRITERION XT 4–12% Bis-Tris gels (Biorad) in 

MES running buffer. After fixation, the gels were photographed under UV light (B, D, and F) and subsequently 

stained with Coomassie (A, C, and E). For the samples containing LUVETs (A and B) only the apo-cytochrome c 

region of the gels is shown. Two bands, at approximately 34 and 72 kDa, showed interesting changes under UV 

illumination after cross-linking and were selected for further analysis. 
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tion. First, it was verified using LUVETs that incorporation of ASA-DLPE by addition from 

ethanol and by inclusion of the probe in the lipid film yielded comparable cross-linking 

results (compare Figure 7A,B to Figure 5A,B). The results obtained were very similar for 

both methods, although the smear above the protein band after cross-linking was absent 

in Figure 7A, B. Analysis of these samples on the gels used in Figure 5 resulted in the 

reappearance of the smeared band (data not shown), indicating that the absence of the 

smear in Figure 7 was caused by the use of a different gel system. 

When cross-linking was performed in IMVs in the presence of horse heart apo-

cytochrome c, a similar pattern was obtained for the apo-cytochrome c band by SDS-

PAGE as in LUVETs (Figure 7C,D, arrowhead). However, additional UV absorbance was 

visible in lanes 1, 3, and 8. This indicated the presence of a UV light absorbing protein 

sensitive to carbonate wash, possibly holo-cytochrome c. In an experiment without 

cross-linker added to the membranes, this band was also visible, but no change was 

observed upon UV activation (data not shown). When the experiment was repeated 

without addition of horse heart apo-cytochrome c, the band was not detected (Figure 

7F). These results rule out that the UV absorbance in lanes 1, 3, and 8 is caused by ASA-

DLPE or endogenous proteins, leaving the possibility that it originates from the conver-

sion of apo-cytochrome c to cytochrome c by heme lyase present in the IMVs (36). 

Identification of cross-link products in IMVs 

When cross-linking was performed in IMVs in the absence of apo-cytochrome c, a 

strikingly simple pattern was observed under UV light (Figure 7F) when compared to the 

Coomassie stain (Figure 7E). In Coomassie stain, the carbonate wash showed a clear 

effect in washing specific proteins off the membrane when comparing the buffer washed 

and carbonate washed pellets in lanes 7 and 8, and the protein contents of the 

supernatants in lanes 3 and 4. No clear differences were observed when comparing plus 

and minus cross-linking conditions after Coomassie staining (lanes 5 and 6 vs lanes 7 and 

8). In contrast, under UV illumination bands at 34 kDa and 72 kDa showed an increased 

intensity in the pellet fractions after cross-linking (Figure 7F). The intense band that 

appeared at 34 kDa could not be washed off by carbonate (lanes 5 and 6), suggesting 

that at least one abundant membrane protein migrating at this position is cross-linked 

that is not sensitive to carbonate. At 72 kDa, a UV absorbing band was observed that 

disappeared after washing the IMVs with carbonate (lanes 3 and 7). However, after 

cross-linking the signal seemed to increase in the carbonate washed pellet (compare 

lanes 5 and 7). Possibly, a peripheral membrane protein, containing a UV absorbing 



54  

Chapter 2 

      
Number of unique 

peptides 
  

Swissprot 

ID 
Protein 

MW 

(kDa) 

+UV 
b
 

+CO3
2-

 

−UV 

+CO3
2-

 
Localization 

c, d
 

P18239 Pet9p 34 34 30 3 MIM 

P38077 Atp3p 34 15 16 0 M 

P50085 Phb2p 35 19 16 1 MIM 

P53252 Pil1p 38 18 15 0 PM/CP/MOM 

P40961 Phb1p 31 9 16 0 MIM 

Q12230 Lsp1p 38 8 10 0 PM/CP/MOM 

Q04013 Yhm2p 34 8 10 0 MIM 

Q03028 Odc1p 34 6 8 1 MIM 

P53598 Lsc1p 35 7 2 0 M matrix 

P23641 Mir1p 33 8 5 0 M 

P40496 Rsm25p 30 7 2 0 M 

P25605 Ilv6p 34 7 3 0 M matrix 

P17505 Mdh1p 36 3 0 0 M matrix 

P04840 Por1p 30 6 3 0 MOM 

P36060 Mcr1p 34 11 2 1 MOM/MIS 

P07143 Cyt1p 34 6 3 0 MIM 

P36528 Mrpl17p 32 4 5 0 M matrix 

P32331 Ymc1p 33 3 4 0 MIM 

P12686 Mrp13p 39 6 0 0 M matrix 

P40471 Ayr1p 33 3 4 0 MOM/LP/ER 

P33303 Sfc1p 35 4 2 2 MIM 

P38988 Ggc1p 33 2 2 0 MIM 

Q99297 Odc2p 34 2 3 0 MIM 

P28241 Idh2p 40 2 2 0 M matrix 

P07257 Qcr2p 40 2 0 0 MIM 

P33759 Mrps5p 35 3 0 0 M matrix 

P32332 Oac1p 35 3 2 1 MIM 

P53881 Mrpl22p 35 0 2 0 M 

Predicted 

trans-

membrane 

domains 
c  

Table 2: LC-MS/MS analysis of potentially cross-linked proteins in IMVs at 34 kDa 
a
 

a UV absorbing bands from IMV pellets at 34 kDa, as found by photographing SDS-PAGE gels in UV light (see 

Figure 7F, lanes 5–8), were identified using LC-MS/MS. Proteins with a predicted mass within 6 kDa of the ex-

cised band and present in at least two pellet fractions were selected and sorted according to the average num-

ber of unique peptides found in the four lanes. The number of unique peptides for each protein is listed only 

for the carbonate washed pellets (Figure 7F, lanes 5 and 7). For a complete list of all identified peptides, see the 

Supplemental Information. 
b For experimental conditions see Figure 7 and Materials and Methods. 

c
 Determined by the TMHMM algorithm as listed in the Saccharomyces Genome Database (SGD). 

d
 According to 

SGD, M = mitochondrial, MIM = mitochondrial inner membrane, MOM = mitochondrial outer membrane, MIS = 

mitochondrial intermembrane space, CP = cytoplasm, ER = endoplasmic reticulum, LP = lipid particle, and PX = 

peroxisome. 
e
 Assignment to MIM or MOM implies that the protein is a membrane protein. 
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group such as heme or flavin, is present in this band that becomes carbonate wash-

resistant after cross-linking to ASA-DLPE. 

To identify the protein composition of the bands exhibiting increased UV absorbance 

after UV activation and carbonate wash, the 34 kDa and 72 kDa bands were excised from 

lanes 5-8 (Figure 7E,F). The proteins were tryptically digested and the resulting peptides 

subjected to nanoscale LC-MS/MS analysis. To find the most probable cross-link candi-

dates, proteins that were identified in at least two of the lanes and with a predicted 

mass close (±6 kDa) to the apparent molecular weight of the excised bands are listed in 

Tables 2 and 3, with the number of unique peptides found for each protein in the car-

bonate washed pellets indicated. The complete list of identified peptides and proteins is 

available as supplemental information. As a control, the apo-cytochrome c band at 12 

kDa (Figure 7C,D) was also excised from lane 5, digested, and analyzed. Peptides corre-

sponding to both horse heart and yeast cytochrome c were found (see the supplemental 

information), in agreement with the detection of yeast cytochrome c in purified IMVs 

(Figure 6). 

      
Number of unique 

peptides 

Predicted 

trans-

membrane 

domains 

  

Swissprot 

ID 
Protein 

MW 

(kDa) 

+UV 

+CO3
2-

 

−UV 

+CO3
2-

 
Localization 

P32191 Gut2p 72 37 49 0 M 

Q00711 Sdh1p 70 29 26 0 MIM 

P06208 Leu4p 68 23 29 0 M/CP 

P12398 Ssc1p 71 31 22 0 MIM/M matrix 

P40053 YER080W 72 21 20 0 M 

Q08822 YOR356W 70 7 10 0 M 

Q08179 Mdm38p 65 17 21 1 MIM 

P36013 Mae1p 74 16 18 0 M 

P07342 Ilv2p 75 21 15 0 M 

P32796 Cat2p 77 15 12 0 MIM/PX 

P32891 Dld1p 65 11 10 0 MIM 

P32368 Sac1p 71 5 13 2 ER/Golgi/MOM 

P38694 Msc7p 71 3 10 1 ER 

P47052 YJL045W 69 0 2 0 M 

P46943 Guf1p 73 3 7 0 M 

P03874 Cbp2p 74 0 2 0 M 

P14906 Sec63p 75 7 3 3 ER 

P11484 Ssb1p 66 4 6 0 CP 

P38825 Tom71p 72 2 4 0 MOM 

P30624 Faa1p 78 3 0 0 MOM/LP 

Table 3: LC-MS/MS analysis of potentially cross-linked proteins in IMVs at 72 kDa 
a
 

a
 UV absorbing bands from IMV pellets at 72 kDa, as found by photographing SDS-PAGE gels in UV light (see 

Figure 7F), were excised and analyzed. For details see Table 2. 
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The results in Tables 2 and 3 were analyzed by comparing the number of unique 

peptides found per protein under the different conditions used. The high number of 

unique peptides for the mitochondrial ADP/ATP carrier Pet9p in the 34 kDa band (Table 

2) suggests a high abundance of this integral membrane protein, consistent with the 

intense signal in UV illumination after cross-linking. Moreover, as an intrinsic membrane 

protein, it is expected to be carbonate wash-resistant, a property that is consistent with 

the lack of changes observed in the signal under UV light, when comparing the buffer 

and carbonate washed samples (Figure 7F). Therefore this protein is a prime candidate 

to have been cross-linked to ASA-DLPE. In the 72 kDa band the differences in the number 

of unique peptides found per protein were less pronounced (Table 3 and supplemental 

information), resulting in multiple cross-link candidates. 

As judged by the increase in the number of unique peptides identified in the UV-

activated sample as compared to the non-UV-activated sample (Tables 2 and 3), a num-

ber of proteins in the 34 kDa and 72 kDa bands appears to become more resistant to 

carbonate washing after UV activation. This behavior that is expected for peripheral 

membrane proteins that become cross-linked to ASA-PE was found for Lsc1p, Mir1p, 

Rsm25p, Ilv6p, Mdh1p, Por1p, Mcr1p, Cyt1p, Mrp13p, Qcr2p, Mrps5p, Ssc1p, Ilv2p, 

Sec63p, and Faa1p (Tables 2 and 3). With the exceptions of the established integral inner 

membrane proteins Mir1p (37), and Qcr2p (38), and the contaminating proteins from the 

ER (Sec63p) and outer membrane (Por1p and Faa1p), this list indeed only contains 

mitochondrial peripheral inner membrane or soluble proteins. Strikingly, the list contains 

multiple components of the small subunit of the mitochondrial ribosome (Rsm25p, 

Mrp13p, Mrps5p), while the components identified from the large subunit of the mito-

chondrial ribosome (Mrpl7p, Mrpl22p) do not show this behavior (Table 2). In addition, 

NADH-cytochrome b5 reductase, Mcr1p, which is a known component of both mitochon-

drial outer membranes and the intermembrane space (39) shows a dramatic rise in the 

amount of peptides identified after cross-linking and carbonate washing, compared to 

the non-UV-treated sample (Table 2). 

Discussion 

In this study we showed that photoactivatable lipids are promising tools for addressing 

the phospholipid headgroup-interacting proteome. In order to successfully analyze this 

class of proteins, a proteomics approach should be developed that meets a number of 

requirements. First of all, the method should capture the membrane proteins interacting 

with phospholipids at the membrane interface, irrespective of whether they are integral 
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or peripheral. In addition, the approach has to include a method to specifically detect 

these proteins and, moreover, this method should be compatible with common 

identification procedures in the field of proteomics, i.e. mass spectrometry. Here, the 

results will be summarized and discussed in view of the above requirements. 

The photoactivatable phospholipid analogue ASA-DLPE was selected, because of the 

location of the cross-linking moiety on the headgroup of the lipid, enabling cross-linking 

to peripheral membrane proteins, with the lauroyl acyl chains allowing straightforward 

incorporation into biological membranes. Addition of the probe to the membrane either 

via the lipid film or from ethanol solution yielded similar results, indicating that the 

probe was correctly integrated in the membrane. The cross-linker was first tested in a 

model membrane system for its ability to cross-link to the peripheral membrane protein 

cytochrome c and was found to be a suitable probe to cross-link and retain this extrinsic 

membrane protein on the membrane. In this case, carbonate washing could be used to 

distinguish between cross-linked and non-cross-linked cytochrome c. The ability to use 

stringent wash conditions enables the enrichment of cross-linked and integral membrane 

proteins, although it should be noted that this method never gives a perfect separation 

due to the diversity in modes of interaction of proteins with the membrane (3). 

In previous research, ASA-PE has typically been used with a 
125

I radioactive label for 

detection (16). However, because radioactive labeling is generally avoided when per-

forming identification by mass spectrometry, we explored alternative methods for the 

detection of cross-link products. Identification of cross-linked cytochrome c in the model 

system proved to be possible using mass spectrometry on the undigested protein or 

using the intrinsic UV absorbance of the cross-linker for detection in SDS-PAGE gels. 

Although the signal of the cross-link products in MALDI-TOF MS was rather weak when 

compared to the signal of the unmodified protein, the appearance of a smeared UV light 

absorbing band in SDS-PAGE just above cytochrome c after cross-linking, and the results 

from the quantification assay showed that a considerable amount of protein was modi-

fied. Therefore, it seems plausible that the low signal of modified protein in mass spec-

trometry is due to the hydrophobicity of the cross-linked protein as, for instance, was 

found for subunits of cytochrome c oxidase cross-linked to cardiolipin (40). We were not 

successful in finding modified peptides in MALDI-TOF MS after digestion of cross-linked 

cytochrome c (results not shown). Possibly, this is related to the increased hydrophobic-

ity of peptides containing cross-linked lipid. Alternatively, the protein could be cross-

linked at multiple locations, supported by the observation in MALDI-TOF MS of protein 

with two cross-linkers attached, resulting in the formation of multiple low abundant 

cross-linker containing peptides after digestion. 
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Using apo-cytochrome c as a model protein instead of cytochrome c enabled the 

unambiguous detection of cross-link products under UV light in both model membrane 

systems and IMVs. Apo-cytochrome c showed cross-linking to a similar extent as cyto-

chrome c as assessed by SDS-PAGE, but a reduced sensitivity toward carbonate washing, 

in agreement with its different mode of interaction with the membrane (20, 41). Despite 

the presence of other UV absorbing groups, heme in cytochrome c and most probably 

flavin and hemes in IMVs, cross-linked proteins could be clearly detected by comparing 

cross-linked vs non-cross-linked and carbonate vs buffer washed samples. 

Surprisingly, only changes at 34 kDa and 72 kDa were observed under UV illumination 

in IMVs upon cross-linking, which could be attributed to a preference of ASA-PE for 

cross-linking to highly abundant proteins or to classes of proteins with similar masses. It 

should be noted that the signal produced by less abundantly cross-linked proteins, as 

could be the case for endogenous cytochrome c, or cross-linked proteins of low abun-

dance could be too low to detect. Interestingly, exogenously added apo-cytochrome c 

competed with endogenous proteins for cross-linking, since the differences in UV ab-

sorption for other proteins became less pronounced in its presence. To gain insight in 

which endogenous proteins could have been cross-linked, the proteins in the 34 kDa and 

72 kDa bands, which exhibited changes after cross-linking in IMVs when viewed under 

UV light, were identified yielding a short list of proteins of interest. 

As expected, a high number of known membrane proteins was found, confirming that 

SDS-PAGE combined with LC-MS/MS is a suitable method for the detection of this class 

of proteins (42, 43). Only 4 (Msc7p, Guf1p, Cbp2p, and Ssb1p) out of the 48 proteins in 

the list (Tables 2 and 3) were not present in the PROMITO dataset obtained after de-

tailed proteomic analysis of highly purified yeast mitochondria (42, 44). Two of these 

proteins, Ssb1p and Msc7p, are listed by the SGD database as non-mitochondrial. Ssb1p 

is a cytoplasmic chaperone (45) that was found to bind to lipids in two independent 

screens (6, 8). Msc7p was localized to the ER in a large-scale GFP-fusion study (46). In 

addition, Sec63p, a known ER protein that is listed in the PROMITO data set, was identi-

fied. This is consistent with the finding that the IMV preparation contained some con-

tamination with ER. Likewise, the identification of mitochondrial outer membrane 

proteins is most probably due to contamination. 

Analysis of the 34 kDa band (Table 2), which showed a clear cross-link product that 

was not carbonate wash-sensitive, yielded the ADP / ATP carrier Pet9p / Aac2p, an 

integral membrane protein, as prime candidate, on the basis of the number of unique 

peptides identified. Interestingly, the functioning of this abundant inner mitochondrial 

membrane protein is known to rely heavily on its tight interaction with the anionic 
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phospholipid cardiolipin (47-49). Moreover, its structure is reported to depend on the 

interaction with the choline headgroups of zwitterionic lipid phosphatidylcholine (50) 

and the reconstituted protein also preferentially binds to anionic lipids as rapidly ex-

changeable annular lipids (51). 

In contrast, we speculate that the γ-chain of ATP synthase (Atp3p), the second pro-

tein found in the 34 kDa band, is a less likely cross-link candidate, because in a previous 

study on the reconstituted bacterial ATP synthase complex [
125

I]-ASA-DLPE was primarily 

cross-linked to the α-subunits (13). The subunits of the prohibitin complex (Phb1p and 

Phb2p), the next candidates on the basis of the number of unique peptide identified, are 

required for the stability of mitochondrially encoded proteins and depend on the PE 

levels in the mitochondrial membranes for proper functioning (52). 

The band analyzed at 72 kDa yielded the glycerol-3-phosphate dehydrogenase Gut2p 

as prime candidate. Gut2p was previously shown to cross-link to the phospholipid cross-

linker [
125

I]-TID-PC and to be carbonate wash-sensitive (10, 53), consistent with the 

labeling pattern found in gel. Therefore we propose this protein as main candidate to 

have been cross-linked. 

Interestingly, a number of proteins identified in the 34 kDa and 72 kDa bands from 

the carbonate washed pellets show an increase in the number of unique peptides identi-

fied upon cross-linking, indicating that these proteins are peripheral membrane proteins 

rendered carbonate wash-resistant by cross-linking. Two known protein complexes 

residing in the mitochondrial matrix are clear examples of this. First, the three compo-

nents of the small subunit of mitochondrial ribosomes identified show an increase in the 

number of peptides identified after cross-linking. This could indicate that the small 

subunit is in close proximity to the lipids, in agreement with the observation that a large 

fraction of the ribosomes is associated with the inner membrane in an electrostatic 

manner in mammals (54). In contrast, the large subunit was shown to bind to Oxa1p 

during co-translational protein insertion (55, 56). Possibly, these interactions work 

together to keep the ribosomes attached to the membrane and functional. The second 

example is acetolactate synthase, of which the subunits Ilv2p (Table 3) and Ilv6p (Table 

2) show similar increases in the amount of peptides identified upon cross-linking. Ilv2p 

was also found to bind to phospholipids and especially to cardiolipin in a study using 

lipids immobilized on a solid support (8). 

Another peripheral membrane protein that becomes carbonate wash-resistant, as 

indicated by the differences of the amount of peptides identified, is the NADH-

cytochrome b5 reductase, Mcr1p. This protein is sorted to both the mitochondrial outer 

membrane and the intermembrane space via a cleavable anchor sequence (39). Local-
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ized in the latter compartment the protein could be recruited to the inner membrane 

and therefore be amenable to cross-linking. 

In summary, we demonstrated that our method is capable of detecting a phospho-

lipid-interacting proteome, and compatible with identification of proteins via mass 

spectrometry, fulfilling the basic requirements stated above. The present research has 

opened new avenues to study phospholipid-protein interactions in their native environ-

ment using modern proteomics techniques. 
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Abstract 

New lipid analogues mimicking the abundant membrane phospholipid phosphatidylcho-

line were developed to photocross-link proteins interacting with phospholipid 

headgroups at the membrane interface. In addition to either a phenylazide or benzophe-

none photoactivatable moiety attached to the headgroup, the lipid analogues contained 

azides attached as baits to the acyl chains. After photocross-linking in situ in the 

biomembrane, these baits were used for the attachment of a fluorescent tetramethyl-

rhodamine-alkyne conjugate or a biotin-alkyne conjugate using click chemistry, allowing 

for the selective detection and purification of cross-link products, respectively. Proteins 

cross-linked to the lipid analogues in inner mitochondrial membranes from Saccharomy-

ces cerevisiae were detected and subsequently identified by mass spectrometry. Estab-

lished interactions partners of phospatidylcholine were found, as well as known integral 

and peripheral inner membrane proteins, and proteins that were not previously consid-

ered mitochondrial inner membrane proteins. 

Introduction 

Membrane proteins play a crucial role in many cellular processes including cell signaling 

and membrane trafficking. Up to 30% of all open reading frames are predicted to encode 

integral membrane proteins (1). In addition, there must be numerous peripheral mem-

brane proteins, considering that lipid binding domains are among the most common 

domains found in the eukaryotic proteome (2). Nevertheless, membrane proteins are 

traditionally underrepresented in most proteomics studies, which is caused mainly by 

low expression levels and unfavorable properties such as poor solubility (3, 4). Therefore, 

new methodology is required for analysis of this class of proteins by proteomics tech-

niques. 

One approach to detect peripheral and integral membrane proteins takes advantage 

of their interaction with lipids, and involves the use of photoactivatable lipid analogues 

to perform cross-linking in situ in the biomembrane (5). Upon UV activation, covalent 

bonds are formed with adjacent molecules, thereby labeling membrane proteins of 

interest. This method has been used successfully in combination with radiolabeling to 

detect membrane proteins interacting with for instance 3-trifluoromethyl-3-[
125

I]

phenyldiazirine-phosphatidylcholine (TID-PC) in vitro (6), and [
3
H]cholesterol, [

3
H]

phosphatidylcholine and [
3
H]phosphatidylinositol, all containing a photoreactive diazirine 

moiety, in vivo (7). While in these studies the photoactivatable moiety was located in the 
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hydrophobic and relatively inert interior of the biomembrane, other studies have re-

ported successful cross-linking to peripheral membrane proteins using the short chain N-

([
125

I]iodo-4-azidosalicylamidyl)-1,2-dilauroyl-sn-glycero-3-phosphoethanolamine ([
125

I]-

ASA-DLPE) (8-12) in which the photo-cross-linking moiety is attached to the phos-

phoethanolamine headgroup via an amide bond. 

Recently, the non-radioactive analogue of this probe, N-(4-azidosalicylamidyl)-1,2-

dilauroyl-sn-glycero-3-phosphoethanolamine (ASA-DLPE, 1), was used in a proteomics 

approach aimed at analyzing the proteome interacting with the lipid headgroups (13). 

The probe was incorporated in inner mitochondrial membrane vesicles from the yeast 

Saccharomyces cerevisiae by addition from ethanolic solution. Following photo-

activation, carbonate wash, and separation of the proteins on SDS-PAGE, cross-linked 

proteins were visualized by measuring differences in UV absorbance, originating from 

the attached probe molecules. Two protein bands were found to contain cross-link 

products. Analysis by LC-MS/MS yielded a list of integral and peripheral membrane 

proteins that had potentially been cross-linked to ASA-DLPE. Although this study demon-

strated the feasibility of photocross-linking in detecting the phospholipid-interacting 

proteome, it suffered from two limitations. First, the detection by UV-absorbance was 

not specific since proteins containing heme or flavin also produced a signal. Second, the 

presence of a large excess of uncross-linked proteins complicated the identification of 

proteins that were cross-linked. 

To eliminate these shortcomings we developed novel lipid analogues (3-4) containing 

azides as fishing baits attached to short C11 lipid acyl chains that could be added to 

biological membranes from ethanolic solution. Azides are small and relatively apolar 

moieties, and therefore not expected to disturb the packing of the lipid bilayer. After 

photo-activation, carbonate wash, and solubilization of the membranes, they can be 

used for the covalent attachment of an alkyne-conjugated tag for visualization or affinity 

purification (Figure 1). The chemo-selective reaction employed, a Cu(I)-catalyzed 1,3-

dipolar cycloaddition commonly referred to as click chemistry (14, 15), has proven a 

reliable ligation method in proteomics studies since the utilized functionalities do not 

occur in biological systems and are inert under physiological conditions (16-20). The 

novel probes were designed to mimic phosphatidylcholine, the most abundant phosphol-

ipid in most eukaryotes, with the photo-reactive group attached directly to the quater-

nary ammonium moiety of the headgroup. Using rhodamine-alkyne and biotin-alkyne 

conjugates for detection and purification of cross-link products, respectively, the new 

lipid analogues were found to cross-link specific subsets of membrane proteins after 

incorporation in inner mitochondrial membrane vesicles from S. cerevisiae. In addition to 
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cross-links to established integral and peripheral membrane proteins, also cross-links to 

proteins not previously described as membrane proteins in yeast were found, indicating 

the potential of the new lipid analogues as tools for proteome analysis. 

Materials and Methods 

Materials 

All solvents were distilled prior to use or were HPLC grade. Horse heart cytochrome c 

was purchased from Sigma (St. Louis, MO). Apocytochrome c was derived from cyto-

chrome c by removing the heme group, as described (21), and stored in small aliquots 

(7.2 mg/mL) in NaHPO4 buffer (10 mM, pH 7.3) at -20 °C. 1,2-Dioleoyl-sn-glycero-3-phos-

phocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DOPG) were 

from Avanti Polar Lipids (Alabaster, AL). The synthesis and purification of the photoacti-

vatable probes has been described elsewhere (Gubbens et al., submitted). They were 

1) UV Light

R
R

rhodamine or
biotin

2) Carbonate wash

R

3) Click-chemistry

=

Figure 1: Outline of the labeling approach for phospholipid-interaction based proteomics. A PC analogue 

containing a photoactivatable headgroup and azides as fishing baits at the end of the acyl chains, is incorpo-

rated in a biological membrane. Photocross-linking is performed, and non-cross-linked peripheral membrane 

proteins are washed away by carbonate. Subsequently the system is solubilized in 1 % (w/v) SDS to attach a 

rhodamine or biotin reporter moiety (R) to the cross-link products for detection and purification, respectively.  
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stored at a concentration of 5 mM in a 2:1 chloroform / methanol (v/v) solution shielded 

from light at -20 °C. Inner mitochondrial membrane vesicles (IMV) from Saccharomyces 

cerevisiae were isolated as described (13) from the wild type strain BY4742 (MATα 

his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0), and stored in aliquots at -80 °C at a protein concentration 

of approximately 4 mg/mL in H/K buffer (10 mM KCl, 2.5 mM EDTA (ethylenediamine-

tetraacetic acid), 5 mM HEPES (4-(2-hydroxyethyl)-N´-piperazineethanesulfonic acid), pH 

7.4). 

General methods 

Phospholipid and phospholipid-crosslinker concentrations were measured by phospho-

rous determination (22) after destruction in perchloric acid at 180°C using KH2PO4 (0-50 

nmol) as a standard. Protein concentrations were determined using the BCA method 

(Pierce) with 0.1% (w/v) SDS added and bovine serum albumin as a standard. Incorpora-

tion of the photoactivatable probes in large unilamellar vesicles obtained by extrusion 

technology (LUVET) and IMV was performed under red safety light conditions, and their 

photo-activation was performed using a Mineralight UVGL-58 UV lamp (UVP Inc., San 

Gabriel, CA). In gel detection of tetramethylrhodamine (TAMRA) was performed on a 

Typhoon 9400 imaging system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using a 

532 nm laser for excitation and a 580 ± 15 nm band-pass filter for emission. 

Cross-linking in LUVETs 

7:3 (mol/mol) DOPC/DOPG LUVETs, containing 4 mol% of either the benzophenone or 

phenylazide probe or no photoactivatable probe, as indicated, were prepared as de-

scribed (13). Cross-linking with apo-cytochrome c (0.12 mg/mL) was carried out as 

described (13) at a lipid concentration of 4 mM. For cross-linking at a wavelength of 254 

nm the samples were exposed directly to the UV light for 20 min by removing the caps of 

the tubes and placing the lamp above the samples. After carbonate washing, the LUVETs 

were resuspended in H-buffer (50 mM NaCl, 1 mM EDTA, 10 mM HEPES, pH 7.5), and the 

proteins were precipitated in chloroform / methanol (23). Protein pellets were resolubi-

lized by boiling in SDS-PAGE sample buffer containing dithiotreitol (25 mM) and analyzed 

by SDS-PAGE using 15% (w/v) acrylamide. Gels were stained with Coomassie brilliant 

blue. 

Cross-linking in mitochondrial inner membrane vesicles 

IMVs corresponding to 200 – 250 µg of protein were thawed and diluted to a total 

volume of 0.5 mL with H/K-buffer containing PMSF (phenylmethanesulfonyl fluoride, 1 
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mM). The photoactivatable probe indicated was added from a solution in ethanol (10 µL) 

to either 75 pmol/µg mitochondrial protein or 15 pmol/µg protein. For mock treatment 

only ethanol (10 µL) was added. The mixtures were incubated at 37 °C for 30 min, imme-

diately chilled on ice and, to remove non-incorporated probe, layered on top of sucrose 

(0.5 M) in H/K-buffer (500 µl). After centrifugation at 165,000 × g for 1 h at 4 °C, the 

pellets were washed in H/K-buffer (200 µl) and centrifuged for 20 min at 200,000 × g and 

4 °C. The IMV pellets were resuspended in H/K-buffer at a protein concentration of 1 

mg/mL, split, and either left in the dark or treated with UV light (254 nm) on ice for 20 

min. Subsequently, either Na2CO3 (100 mM) was added to a final concentration of 40 

mM Na2CO3 or HEPES/KOH (10 mM, pH 7.4) to the same final volume. Both solutions 

contained KCl (10 mM). After 10 min on ice, samples were centrifuged for 20 min at 

355,000 × g and 4 °C. Pellets were resuspended in Tris (Trishydroxymethylamino-

methane)/HCl (50 mM, 50 µL, pH 8.0) containing SDS (1 %, w/v) and used as a substrate 

for the TAMRA or biotin Click-iT Detection Kit (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. The resulting labeled protein pellets were stored at -20 °C 

until further analysis. 

Detection of cross-linked proteins 

Protein pellets corresponding to 50 µg of protein were heated to 70 °C in XT sample 

buffer (Biorad, Hercules, CA) supplemented with XT reducing agent (Biorad) for 10 min 

under vigorous shaking to completely solubilize all proteins. Samples were separated on 

Criterion XT 4-12% (w/v) Bis-Tris gels (Biorad) in MES running buffer according to the 

manufacturer’s instructions. For TAMRA detection, 50 µg of protein was used per lane, 

and for biotin detection, 20 µg of protein was used per lane. In case of TAMRA detection, 

the gels were washed in H2O and scanned for fluorescence, prior to gel staining with 

Coomassie brilliant blue. In case of biotin detection, proteins were transferred to a 

nitrocellulose membrane by Western blotting, blocked for 1 h with gelatin (3%, w/v, 

Biorad) in TBST (50 mM Tris/HCl, 100 mM NaCl, 0.05% (v/v) Tween 20, pH 8.0), incubated 

for 1 h with neutravidin- horsh radish peroxidase (HRP) (1 µg/mL; Pierce, Rockford, IL) in 

TBST containing gelatin (0.5%, w/v), and visualized, after washing, using ECL solutions. 

Affinity purification 

Protein pellets of biotinylated cross-link products, corresponding to approximately 125 

µg protein, were dissolved in Tris/HCl (25 μL, 50 mM, pH 8.0) containing SDS (1%, w/v) by 

incubating at 70 °C for 10 min while shaking. An aliquot of 5 μL was stored as a control 

sample in SDS-PAGE sample buffer, and the remainder was diluted to obtain a 100 μL 
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solution in TBSS (50 mM Tris/HCl, 100 mM NaCl, 0.2% (w/v) SDS, pH 8.0). Neutravidin 

agarose beads (30 μL, Pierce) were washed two times in TBSS, the protein solution was 

added, and the beads were incubated for 2h at 4 °C while rotating. The beads were 

washed three times with TBSS and proteins were eluted in concentrated SDS-PAGE 

sample buffer (62.5 mM Tris/HCl, 2.5% (w/v) SDS, 10.9% (v/v) glycerol, 50 mM dithiotrei-

tol, Bromophenol Blue, pH 6.8, 28 µL) by heating to 95 °C for 10 min. To verify the pres-

ence of cross-linked proteins, 7 µL was separated on SDS-PAGE gel and biotinylated 

proteins were detected on Western blot as described above (data not shown). The 

remainder of the samples was run on an SDS-PAGE gel using 11% (w/v) acrylamide over a 

distance of approximately 1.5 cm. After staining with Coomassie brilliant blue, the lanes 

were excised, and cut in three pieces for analysis by LC-MS/MS. 

LC-MS/MS analysis 

The gel pieces were subjected to digestion with trypsin and peptides analyzed by nano-

scale LC-MS/MS by coupling an Agilent 1100 Series LC system to a LTQ XL quadrupole ion 

trap mass spectrometer (Finnigan, San Jose, CA), as described (13). The only modification 

was that, after digestion, the peptides were extracted using 5% (v/v) formic acid instead 

of acetic acid. Tandem mass spectra were extracted and charge state deconvoluted by 

BioWorks (Thermo Scientific, Waltham, MA; version 3.3). All MS/MS samples were 

analyzed using Mascot (Matrix Science, London, UK; version 2.2.03) and X! Tandem 

(www.thegpm.org; version 2007.01.01.1), both set up to search the Yeast SGD database 

(5779 entries) with a parent ion tolerance of 0.5 Da and a fragment ion mass tolerance of 

0.9 Da. Fixed and variable modifications were the iodoacetamide derivative of cysteine 

and oxidation of methionine, respectively. Scaffold (version 01_07_00, Proteome Soft-

ware, Portland, OR) was used to validate MS/MS based peptide and protein identifica-

tions. Peptide identifications were accepted if they could be established at greater than 

80.0% probability as specified by the Peptide Prophet algorithm (24). Protein identifica-

tions were accepted if they could be established at greater than 99.0% probability as 

specified by the Protein Prophet algorithm (25) and contained at least two identified 

peptides in one of the samples. Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. 
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Results 

Design of photoactivatable lipid-analogues 

Three possible photo-reactive cross-linking moieties were considered for the new lipid 

analogues: a diazirine (2), a benzophenone (3) and a phenylazide (4) as shown in Figure 

2. 

Phospholipid probe 2 was synthesized via a reductive amination of the aldehyde 3-(4-

formylphenyl)-3-(trifluoromethyl)diazirine (26) with 1,2-dilauroyl-sn-glycero-3-phospho-

ethanolamine (DLPE). The resulting lipid analogue was subsequently methylated to 

obtain 2. However, preliminary results showed that diazirine probe 2 did not establish 

significant cross-linking to proteins (data not shown), most likely due to the high reactiv-

ity of the transient carbene species generated by photo-activation, causing reaction with 

water. 

Based on the retrosynthetic analysis of probes 3 and 4 (Figure 2B), the photoactivat-

able phosphocholine-like headgroup was constructed from a common precursor by 

alkylation of the tertiary amine in 5 with the photo-reactive benzylic bromides 4-

(bromomethyl)benzophenone or 4-azidobenzyl bromide (27). Because of the sensitivity 

of the photo-reactive functionalities, they were introduced in the final step of the syn-

thesis. Compound 5 was obtained by acylation with 11-azidoundecanoic acid of the (N,N-

dimethylamino)ethyl phosphate 6, accessible from commercially available sn-

glycerophosphocholine 7 (28). 

Detection of cross-linked proteins in model membranes 

Both benzophenone-PC (3) and phenylazide-PC (4) were first tested for their ability to 

cross-link to the peripheral membrane protein apo-cytochrome c in a model membrane 

system. Using the lipid analogue ASA-DLPE (1), it was previously shown that cross-linking 

of this protein to membrane vesicles increased its carbonate wash-resistance (13). 

LUVETs were prepared containing DOPC, the anionic lipid DOPG (7:3 mol/mol) to en-

hance the interaction with the basic apo-cytochrome c, and one of the new lipid probes 

(4 mol %). Apo-cytochrome c (0.12 mg/mL) was added to the LUVET (4 mM phospho-

lipid) and a cross-link experiment was performed as described for ASA-DLPE (1) (13). 

After UV illumination at two different wavelengths, the vesicles were washed with 

carbonate, pelleted and analyzed for associated apo-cytochrome c on SDS-PAGE gel 

using Coomassie staining (Figure 3). The results show an increase in the amount of apo-

cytochrome c associated with the carbonate-washed vesicles after UV activation of the 
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cross-linkers for 20 min. UV illumination at a wavelength of 254 nm was more effective 

in photo-activation than at 366 nm (compare lanes 3 & 5). Moreover, photo-activation of 

the phenylazide-PC probe (4) at 254 nm caused a smear above the protein band (lanes 3 

& 4). A similar effect was observed previously for the ASA-DLPE probe (1), in which case 

the smear was found to contain cross-link products (13). For these reasons, 254 nm was 

selected as the preferred wavelength to perform cross-linking with both lipids. 

A

B

Figure 2: (A) Structures of the photoactivatable lipid analogues ASA-DLPE (1), and TPD-PC (2), and (B) structures 

and retrosynthetic analysis of benzophenone-PC (3), and phenylazide-PC (4).  
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Detection of cross-linked proteins in biological membranes 

Next, the probes were incorporated in IMV from the yeast Saccharomyces cerevisiae by 

addition from a solution in ethanol, and their ability to cross-link to membrane proteins 

was tested. After cross-linking, the vesicles were washed with or without carbonate, and 

subsequently solubilized in 1% (w/v) SDS to perform click chemistry. The TAMRA-alkyne 

conjugate 8 (Invitrogen, Figure 4) was used as a fluorescent reporter. Proteins were 

isolated from the reaction mixture by precipitation, separated on SDS-PAGE gels, and 

scanned for fluorescence (Figure 5A). Both cross-linking with phenylazide-PC (4, lanes 1 

& 2) and with benzophenone-PC (3, lanes 7 & 8) yielded multiple fluorescent protein 

bands. The intensity of most bands was unaltered by the carbonate wash suggesting that 

the probes cross-link integral membrane proteins and/or peripheral membrane proteins 

that are rendered carbonate wash-resistant by the covalent linkage to the lipid probes. 

Strikingly, the two probes cross-link to different, albeit partially overlapping, subsets of 

proteins. The fluorescence signal observed for benzophenone-PC showed stronger 

resemblance to the Coomassie stained pattern than that for phenylazide-PC (Figure 5B). 

In the absence of UV-activation, the benzophenone-PC probe yielded more background 

fluorescence (lanes 9 & 10) than phenylazide-PC (lanes 3 & 4), of which the background 

signal was comparable to that obtained in the absence of cross-linker (lanes 11 & 12). 

The experiment was also performed using phenylazide-PC at a five times reduced con-

centration (Figure 5A, lanes 5 & 6). Labeling intensity was less, but the labeling pattern 

did not differ from that detected in lanes 1 & 2. Altogether, the data suggest that 

phenylazide-PC is the more suitable probe to identify proteins that are cross-linked in 

IMV. 

Phenyl-
azide PC

Benzo-
phenone PC

CO3

2-

UV No 254 nm 366 nm

1 2 3 4 5 6

Figure 3: Cross-linking of apo-cytochrome c to model membranes. LUVETs (DOPC / DOPG 7:3 (mol/mol) con-

taining 4 mol % of the indicated cross-linker) were incubated with apo-cytochrome c (0.12 mg/mL). Cross-

linking was performed at a lipid concentration of 4 mM using UV light of the indicated wavelengths for 20 min, 

and the vesicles were washed with or without carbonate. Apo-cytochrome c attached to the vesicles was pre-

cipitated, separated on SDS-PAGE, and stained with Coomassie.  
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Figure 4: Structures of the TAMRA (8) and biotin (9) alkyne derivatives. 
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Figure 5: TAMRA labeling of cross-link products from mitochondrial inner membrane vesicles. The indicated 

amounts of cross-linker per amount of mitochondrial protein were added from a solution in ethanol to IMVs 

from yeast mitochondria. The samples were either activated with UV light or left in the dark, and subsequently 

washed with or without carbonate, as indicated. Proteins were solubilized in 1% (w/v) SDS, subjected to click 

chemistry using a TAMRA-alkyne conjugate and separated on a CRITERION XT 4-12% (w/v) Bis-Tris gel (Biorad) 

in MES running buffer. The gel was scanned for fluorescence (A) and subsequently stained with Coomassie (B). 

The Coomassie stained pattern is shown only for lanes 1 and 2, since the other lanes showed corresponding 

banding patterns. 
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Purification and identification of cross-linked proteins 

To identify the proteins cross-linked to phenylazide-PC (4) they were reacted with the 

biotin-alkyne conjugate 9 (Invitrogen, Figure 4) to enable purification on neutravidin 

beads. Biotinylation of cross-link products was confirmed by detection with a neutra-

vidin-HRP conjugate on Western blot (Figure 6, lanes 1 & 2). The banding pattern ob-

tained for the biotinylated proteins resembled the pattern for the fluorescently labeled 

proteins (compare lanes 1 & 2 of Figures 5A and 6), although the resolution and dynamic 

range of the fluorescence detection method were much better. Neutravidin also bound 

to some proteins when no cross-linking had been performed (Figure 6, lanes 3 & 4) or 

with no cross-linker present (lanes 5 & 6). The band at 250 kDa could be explained by the 

endogenously biotinylated mitochondrial protein Hfa1p (29). The band at 35 kDa proba-

bly represents a protein to which the neutravidin-HRP conjugate binds aspecifically, 

because in yeast no endogenously biotinylated protein of that size is known, and be-

cause it did not bind to neutravidin beads during the purification of cross-linked proteins 

(data not shown). 

To purify cross-link products, proteins precipitated from the click chemistry reaction 

mixture corresponding to samples shown in lanes 1 and 3 of Figure 6 were dissolved by 

heating in 1% (w/v) SDS, and, after appropriate dilution, bound to neutravidin beads. 

Non-biotinylated proteins were washed away, and the proteins of interest were eluted 

from the beads by heating in two-fold concentrated SDS sample buffer, separated on 

SDS-PAGE, digested, and identified by LC-MS/MS analysis (Table 1, see Supplemental 

Table S1 for details on the protein identifications). A total of 47 yeast proteins were 

found in the two samples, of which 37 are known mitochondrial proteins. 27 proteins 

250

150

100

75

50

37

25

20

CO3

2-

UV

Phenylazide-PC No cross-linker

1 2 3 4 5 6 7 8

Figure 6: Biotin labeling of cross-link products from inner 

membrane vesicles. A cross-link experiment was per-

formed in IMVs as described in the legend of Figure 5 using 

75 pmol phenylazide-PC (4) per µg mitochondrial protein, 

but instead of TAMRA, a biotin-alkyne conjugate was 

added via click chemistry. After separation on gel, proteins 

were transferred to a nitrocellulose membrane by Western 

blotting and biotinylated proteins were detected using a 

neutravidin-HRP conjugate. 
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showed a significant increase (≥2 fold) in the number of identified spectra after they 

were exposed to UV light in the presence of phenylazide-PC (4), and are therefore 

presumed to have been cross-linked by this lipid analogue. A number of proteins was 

also detected in the absence of UV-activation, which was attributed to aspecific binding 

to the neutravidin beads with the possible contribution of the unavoidable minute 

exposure of the sample to light. In comparison, LC-MS/MS analysis of the affinity puri-

fied, biotinylated, cross-link products of benzophenone-PC (Table 2), demonstrated a 

significant increase in the number of identified spectra of 28 proteins, of which 13 were 

also found to be labeled by phenylazide-PC. This confirmed the interpretation of the 

fluorescence data in Figure 5 that the two probes cross-link to different, albeit overlap-

ping, subsets of proteins. 

Discussion 

In this study we demonstrated that click chemistry is a convenient method to attach a 

tag to lipid-protein cross-link products for either fluorescence detection or affinity 

purification, thus allowing the unambiguous identification by LC-MS/MS of proteins 

cross-linked to photoactivatable lipid analogues. Therefore, this method is a clear im-

provement over the approach described previously (13) to detect the phospholipid 

headgroup interacting proteome. 

Fluorescence detection of cross-linked proteins showed that benzophenone-PC (3) 

and phenylazide-PC (4) cross-link to distinct subsets of proteins that partially overlap. 

Some proteins are more efficiently or (almost) exclusively cross-linked by either 

phenylazide or benzophenone, whereas others show similar extents of cross-linking, 

which was confirmed by LC-MS/MS analysis of the biotinylated and affinity purified 

cross-link products of both probes (Tables 1 and 2). The differences in labeling by the 

two probes probably reflect the different characteristics of the photoactivatable moie-

ties. For instance, benzophenone has a preference to insert into C-H bonds (30), while 

phenylazides often attack N-H bonds. Alternatively, the photoactivatable moieties may 

adopt different localizations at the membrane-water interface, exposing the probe 

molecules to amino acid residues that may differ in reactivity. In addition, the hydropho-

bic benzophenone moiety is larger than the phenylazide group, therefore requiring a 

larger binding pocket. Finally, the benzophenone moiety may render the membrane 

interface more hydrophobic, consistent with the observed decreased binding to benzo-

phenone-PC containing LUVETs of cytochrome c (data not shown), which mainly inter-

acts electrostatically with model biological membranes (31). In contrast, it was shown 
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Protein 

name ORF name Description 

MW 

(kDa) 

Total no. 

of identi-

fied spec-

tra 

  

+UV -UV Loc.
a
 

Lpd1 YFL018C 
Dihydrolipoamide dehydrogenase component (E3) of the pyruvate 

dehydrogenase and 2-oxoglutarate dehydrogenase multi-enzyme 

complexes 

54 11 1 M 

Gut2 YIL155C Mitochondrial glycerol-3-phosphate dehydrogenase 72 13 4 M 

Ndi1 YML120C 
NADH:ubiquinone oxidoreductase, transfers electrons from NADH 

to ubiquinone in the respiratory chain but does not pump protons 
57 12 4 Matrix 

Nop1 YDL014W 
Nucleolar protein, component of the small subunit processome 

complex 
34 3 1 N 

- YDR119W-A Putative protein of unknown function 7 3 1 Unknown 

Lsc2 YGR244C Beta subunit of succinyl-CoA ligase 47 3 1 M 

Mrp7 YNL005C Mitochondrial ribosomal protein of the large subunit 43 3 1 Matrix 

Cor1 YBL045C 
Core subunit of the ubiquinol-cytochrome c reductase complex 

(bc1 complex) 
50 11 4 MIM 

Dld1 YDL174C D-lactate dehydrogenase, oxidizes D-lactate to pyruvate 65 16 6 MIM 

Nde1 YMR145C Mitochondrial external NADH dehydrogenase 63 8 3 M 

Cyt1 YOR065W Cytochrome c1, component of the mitochondrial respiratory chain 34 13 5 MIM 

Atp1 YBL099W Alpha subunit of the F1 sector of mitochondrial F1F0 ATP synthase 59 10 4 MIM 

Hhf1,2 
YBR009C, 

YNL030W 
two identical histone H4 proteins 11 7 3 N 

Cox2 Q0250 Subunit II of cytochrome c oxidase 29 4 2 MIM 

Cox4 YGL187C Subunit IV of cytochrome c oxidase 17 2 1 MIM 

Atp17 YDR377W Subunit f of the F0 sector of mitochondrial F1F0 ATP synthase 11 4 - MIM 

Ald4 YOR374W Mitochondrial aldehyde dehydrogenase 57 4 - M 

Hta1,2 
YDR225W, 

YBL003C 
Nearly identical histone H2A subtypes 14 3 - N 

Lat1 YNL071W 
Dihydrolipoamide acetyltransferase component (E2) of pyruvate 

dehydrogenase complex 
52 3 - M 

Idh2 YOR136W 
Subunit of mitochondrial NAD(+)-dependent isocitrate dehydro-

genase 
40 3 - Matrix 

Yme1 YPR024W 
Subunit, with Mgr1p, of the mitochondrial inner membrane i-AAA 

protease complex 
82 3 - MIM 

Chc1 YGL206C 
Clathrin heavy chain, subunit of the major coat protein involved in 

intracellular protein transport and endocytosis 
187 2 - 

Endocytic 

vesicles 

Phb2 YGR231C 
Subunit of the prohibitin complex (Phb1p-Phb2p), a 1.2 MDa ring-

shaped inner mitochondrial membrane chaperone 
34 2 - MIM 

Atp2 YJR121W Beta subunit of the F1 sector of mitochondrial F1F0 ATP synthase 55 2 - MIM 

Coy1 YKL179C Golgi membrane protein with similarity to mammalian CASP 77 2 - Golgi 

- YKR016W Unknown protein, localized to the mitochondria 61 2 - M 

Lsp1 YPL004C 
Long chain base-responsive inhibitor of protein kinases Pkh1p and 

Pkh2p 
38 2 - Eisosome 

Qcr2 YPR191W Subunit 2 of the ubiquinol cytochrome-c reductase complex 40 19 10 MIM 

Por1 YNL055C Mitochondrial porin (voltage-dependent anion channel) 30 18 11 MOM 

Hht1,2 
YBR010W, 

YNL031C 
two identical histone H3 proteins 15 3 2 N 

Table 1: LC-MS/MS analysis of phenylazide-PC cross-link products purified on neutravidin beads. Samples 

corresponding to the samples shown in lanes 1 (+UV) and 3 (-UV) of Figure 6 were incubated with neutravidin 

beads. Biotinylated proteins were eluted by heating in SDS-PAGE sample buffer, separated on gel, digested, 

and subjected to LC-MS/MS analysis. The total number of identified spectra as detected for each protein in two 

independent experiments is shown. Proteins are ranked in decreasing order of the ratio of the number of iden-

tified spectra with / without photo-activation and sorted into groups, separated by horizontal lines, with a ratio 

≥ 2, 1 < ratio < 2, and ratio ≤ 1. The number of spectra for proteins detected at less than 99.0% probability in 

one of the two conditions is given in italics.  
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Kgd1 YIL125W 
Component of the mitochondrial alpha-ketoglutarate dehydro-

genase complex 
114 11 8 Matrix 

Pet9 YBL030C Major ADP/ATP carrier of the mitochondrial inner membrane 34 16 12 MIM 

Atp18 YML081C-A Subunit of the mitochondrial F1F0 ATP synthase 7 4 3 MIM 

Kgd2 YDR148C 
Dihydrolipoyl transsuccinylase, a component of the mitochondrial 

alpha-ketoglutarate dehydrogenase complex 
50 12 11 Matrix 

Sdh1 YKL148C Flavoprotein subunit of succinate dehydrogenase 70 6 6 MIM 

Sdh2 YLL041C Iron-sulfur protein subunit of succinate dehydrogenase 30 3 3 MIM 

Hsp60 YLR259C Tetradecameric mitochondrial chaperonin 61 3 3 M 

Qcr7 YDR529C Subunit 7 of the ubiquinol cytochrome-c reductase complex 15 2 2 MIM 

Atp7 YKL016C Subunit d of the stator stalk of mitochondrial F1F0 ATP synthase 20 2 2 MIM 

- YEL025C SWI/SNF and RSC interacting protein 1 136 11 13 N, CP 

Mir1 YJR077C 
Mitochondrial phosphate carrier, imports inorganic phosphate 

into mitochondria 
33 4 5 M 

Cox9 YDL067C Subunit VIIa of cytochrome c oxidase 7 2 3 MIM 

Aco1 YLR304C 
Aconitase, required for the tricarboxylic acid (TCA) cycle and 

mitochondrial genome maintenance 
85 2 3 Matrix 

Atp4 YPL078C Subunit b of the stator stalk of mitochondrial F1F0 ATP synthase 27 2 4 MIM 

Htb1, 

Htb2 

YDR224C, 

YBL002W 
nearly identical histone H2B subtypes 14 1 2 N 

Ssc1 YJR045C 
Mitochondrial matrix ATPase that is a subunit of the presequence 

translocase-associated protein import motor 
71 1 5 MIM 

Rpl13a,b 
YDL082W, 

YMR142C 
Protein components of the large (60S) ribosomal subunit 23 - 2 CP 

 
a
 Localization according to SGD (Saccharomyces genome database), M = mitochondrial, MIM = mitochondrial 

inner membrane, MOM = mitochondrial outer membrane, Matrix = mitochondrial matrix, N = nucleus, CP = 

cytoplasm.  

that apo-cytochrome c, which binds to the membrane due to exposed hydrophobic 

regions, binds and cross-links equally well to vesicles containing either probe. In IMV, 

benzophenone-PC produced higher background fluorescence than phenylazide-PC, 

which may be caused by some cross-linking occurring in the dark or by aspecific binding 

of the more hydrophobic benzophenone moiety to membrane proteins. In view of the 

above, we argue that phenylazide-PC is the preferred cross-linker to be used in the 

biological system described in this research. However, depending on the lipid of interest, 

type of biological membrane, and location of the photoactivatable moiety in the lipid 

structure, the benzophenone moiety could be an excellent alternative because of its high 

chemical stability and high selectivity even in the presence of water and strong nucleo-

philes (30). 

A number of proteins cross-linked by phenylazide-PC and benzophenone-PC has been 

described previously to interact with PC or PC-analogues in mitochondrial inner mem-

branes. For example, the crystal structure of the S. cerevisiae ubiquinol-cytochrome c 

reductase complex (cytochrome bc1 complex) contains two tightly bound PC molecules 

(32, 33) interacting with the subunits Cor1p, Cobp, and Cyt1p. Of these proteins, Cor1p 

and Cyt1p were found to be cross-linked by phenylazide-PC and benzophenone-PC. Cobp 

was not found, which may be due to its highly hydrophobic nature interfering with 
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Table 2: LC-MS/MS analysis of benzophenone-PC cross-link products purified on neutravidin beads. Experi-

mental details were as described in the legend of Table 1. The data are the result of one experiment. Proteins 

in bold were also found to be cross-linked by phenylazide-PC with a ratio of the number of identified spectra 

with / without photoactivation ≥ 2.  

Protein 

name ORF name Description 

MW 

(kDa) 

Total no. 

of identi-

fied spec-

tra   

+UV -UV Loc.
a
 

Ndi1 YML120C 
NADH:ubiquinone oxidoreductase, transfers electrons from NADH to 

ubiquinone in the respiratory chain but does not pump protons 
57 14 3 Matrix 

Gut2 YIL155C Mitochondrial glycerol-3-phosphate dehydrogenase 72 16 5 M 

Dld1 YDL174C D-lactate dehydrogenase, oxidizes D-lactate to pyruvate 65 14 5 MIM 

Ssc1 YJR045C 
Mitochondrial matrix ATPase that is a subunit of the presequence 

translocase-associated protein import motor (PAM) 
71 14 5 MIM 

Nde1 YMR145C Mitochondrial external NADH dehydrogenase 63 10 4 M 

Cor1 YBL045C Core subunit of the ubiquinol-cytochrome c reductase complex 50 12 5 MIM 

Sdh1 YKL148C Flavoprotein subunit of succinate dehydrogenase 70 12 5 MIM 

Qcr2 YPR191W Subunit 2 of the ubiquinol cytochrome-c reductase complex 40 20 9 MIM 

Qcr7 YDR529C Subunit 7 of the ubiquinol cytochrome-c reductase complex 15 6 3 MIM 

Ald4 YOR374W Mitochondrial aldehyde dehydrogenase 57 8 - M 

Lsc2 YGR244C Beta subunit of succinyl-CoA ligase 47 6 - M 

Lpd1 YFL018C 
component E3 of the pyruvate dehydrogenase and 2-oxoglutarate 

dehydrogenase multi-enzyme complexes 
54 6 - M 

Hhf1,2 
YBR009C, 

YNL030W 
Two identical histone H4 proteins 11 6 - N 

Cyt1 YOR065W Cytochrome c1, component of the mitochondrial respiratory chain 34 5 - MIM 

Aco1 YLR304C 
Aconitase, required for the tricarboxylic acid (TCA) cycle and for 

mitochondrial genome maintenance 
85 4 - Matrix 

Idh2 YOR136W Subunit of mitochondrial NAD(+)-dependent isocitrate dehydrogenase 40 4 - Matrix 

Htz1 YOL012C 
Histone variant H2AZ, exchanged for histone H2A in nucleosomes by 

the SWR1 complex 
14 4 - N 

Ggc1 YDL198C Mitochondrial GTP/GDP transporter 33 3 - MIM 

Lat1 YNL071W 
Dihydrolipoamide acetyltransferase component (E2) of pyruvate 

dehydrogenase complex 
52 3 - M 

Phb2 YGR231C 
Subunit of the prohibitin complex, a 1.2 MDa ring-shaped inner 

mitochondrial membrane chaperone 
34 3 - MIM 

Ilv3 YJR016C 
Dihydroxyacid dehydratase, catalyzes third step in the common 

pathway leading to biosynthesis of branched-chain amino acids 
63 3 - M 

Ilv5 YLR355C 
Acetohydroxyacid reductoisomerase, mitochondrial protein involved 

in branched-chain amino acid biosynthesis 
44 2 - M 

Pil1 YGR086C 
Long chain base-responsive inhibitor of protein kinases Pkh1p and 

Pkh2p 
38 2 - Eisosome 

Phb1 YGR132C 
Subunit of the prohibitin complex, a 1.2 MDa ring-shaped inner 

mitochondrial membrane chaperone 
31 2 - MIM 

Sfc1 YJR095W Mitochondrial succinate-fumarate transporter 35 2 - MIM 

Cox6 YHR051W Subunit VI of cytochrome c oxidase 17 2 - MIM 

Yhm2 YMR241W 
Mitochondrial DNA-binding protein, component of the mitochondrial 

nucleoid structure 
34 2 - MIM 

Prx1 YBL064C 
Mitochondrial peroxiredoxin (1-Cys Prx) with thioredoxin peroxidase 

activity 
29 2 - M 

Atp2 YJR121W Beta subunit of the F1 sector of mitochondrial F1F0 ATP synthase 55 7 4 MIM 

Sdh2 YLL041C Iron-sulfur protein subunit of succinate dehydrogenase 30 5 3 MIM 

Pet9 YBL030C Major ADP/ATP carrier of the mitochondrial inner membrane 34 21 13 MIM 

Atp1 YBL099W Alpha subunit of the F1 sector of mitochondrial F1F0 ATP synthase 59 8 5 MIM 

Kgd2 YDR148C 
Dihydrolipoyl transsuccinylase, a component of the mitochondrial 

alpha-ketoglutarate dehydrogenase complex 
50 8 5 Matrix 

Hsp60 YLR259C Tetradecameric mitochondrial chaperonin 61 4 3 M 

Por1 YNL055C Mitochondrial porin (voltage-dependent anion channel) 30 9 7 MOM 
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detection by LC-MS/MS analysis. With the possible exception of Qcr2p that showed an 

increase in the number of identified spectra just below the threshold after cross-linking, 

no other subunits of the cytochrome bc1 complex were found to be cross-linked by 

phenylazide-PC, indicating high specificity of the phenylazide-PC probe for PC binding 

pockets. Benzophenone-PC did cross-link to additional subunits of the complex, including 

Qcr2p. One PC molecule has been found in the crystal structure of bovine heart cyto-

chrome c oxidase at a position next to subunits II and VIc (34). Although the structure of 

yeast cytochrome c oxidase might differ, phenylazide-PC was found to cross-link subunit 

II, Cox2p, in the present study. 

Another mitochondrial protein, glycerol-3-phosphate dehydrogenase (Gut2p), has 

previously been described to be cross-linked by TID-PC (6), a PC analogue with the 

photoactivatable moiety attached to one of the acyl chains. Recently, Gut2p was shown 

to be a peripheral membrane protein that was carbonate-wash sensitive and to depend 

on PC for efficient functioning (35). Interestingly, phenylazide-PC and benzophenone-PC 

were able to cross-link Gut2p, confirming the interaction of this protein with PC, irre-

spective of the nature of the photoactivatable moiety and its position on the headgroup. 

Therefore, the new lipid-cross-linkers appear to be successful in cross-linking peripheral 

membrane proteins. 

Proteins that were not previously described to interact with PC include the two 

subunits of the peripheral part of the F1F0 ATP synthase, Atp1p and Atp2p, which were 

cross-linked by phenylazide-PC. Also new PC-interacting proteins were identified that 

have not previously been described as membrane proteins in S. cerevisiae or whose 

membrane association is still disputed. Two components of the pyruvate dehydrogenase 

Mir1 YJR077C 
Mitochondrial phosphate carrier, imports inorganic phosphate into 

mitochondria 
33 6 6 M 

Atp4 YPL078C Subunit b of the stator stalk of mitochondrial F1F0 ATP synthase 27 4 4 MIM 

Qcr10 YHR001W-A Subunit of the ubiqunol-cytochrome c oxidoreductase complex 9 2 2 MIM 

Cox2 Q0250 Subunit II of cytochrome c oxidase 29 2 2 MIM 

Om45 YIL136W 
Protein of unknown function, major constituent of the mitochondrial 

outer membrane 
45 2 2 MOM 

Kgd1 YIL125W 
Component of the mitochondrial alpha-ketoglutarate dehydrogenase 

complex 
114 7 9 Matrix 

Cox9 YDL067C Subunit VIIa of cytochrome c oxidase 7 - 2 MIM 

Cox5a YNL052W Subunit Va of cytochrome c oxidase 17 - 2 MIM 

Pma2 YPL036W Plasma membrane H+-ATPase, isoform of Pma1p 102 - 3 PM 

Csf1 YLR087C Protein required for fermentation at low temperature 338 - 3 M 

 
YMR321C, 

YPL273W 
Hypothetical protein 12 - 4 - 

a
 Localization according to SGD (Saccharomyces genome database), M = mitochondrial, MIM = mitochondrial 

inner membrane, MOM = mitochondrial outer membrane, Matrix = mitochondrial matrix, N = nucleus, PM = 

plasma membrane.  
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complex, Lpd1p and Lat1p, were found to be cross-linked by both probes. Lpd1p also 

serves as subunit of the homologous 2-oxoglutarate dehydrogenase complex. Both 

complexes function in the tricarboxylic acid cycle (TCA) cycle in the mitochondrial matrix. 

While in bacteria they are recovered in the soluble cytoplasmic fraction, they were found 

to be associated with the mitochondrial inner membrane in plants (36) and mammals 

(37), requiring detergents for solubilization. It was speculated that this association might 

occur through complex I (36), but this complex is not present in S. cerevisiae. Therefore, 

association of these complexes to the mitochondrial inner membrane through lipid-

protein interactions might provide an alternative explanation. Other likely peripheral 

membrane proteins that were cross-linked by phenylazide-PC include the 

NADH:ubiquinone oxidoreductases Ndi1p and Nde1p, which transfer electrons from 

NADH to quinones and have been proposed to bind to the membrane through an amphi-

pathic helix (38). Mrp7p, which is part of the large subunit of mitochondrial ribosomes, 

was also found to be cross-linked, consistent with the previously observed membrane 

association of mitochondrial ribosomes (39, 40). A last example of a potential peripheral 

membrane protein is Ald4p, an aldehyde dehydrogenase that converts acetaldehyde to 

acetate and is required for growth on ethanol. 

The carbonate wash resistance of the cross-linked peripheral membrane proteins 

described above is consistent with the observation that fluorescently labeled cross-link 

products were carbonate wash-resistant. This indicates that the short azide-containing 

acyl chains of the probes, which allow for the incorporation of the lipid analogues in the 

biological membrane by addition from an ethanol solution, were sufficient to anchor 

peripheral proteins to the membrane. 

There was little overlap between the cross-link candidates found for ASA-DLPE (1) 

(13) and the proteins cross-linked to phenylazide-PC found in the present study, with 

Gut2p and Cyt1p as exceptions. Because ASA-DLPE and phenylazide-PC have an almost 

identical photoactivatable moiety, the most likely explanation for these observations is 

the different headgroup structure of the lipid analogues: ASA-DLPE carries a net negative 

charge while phenylazide-PC has a zwitterionic headgroup similar to PC. Binding sites of 

PC have been found to differ from binding sites of negatively charged phospholipids in 

that the latter contain more polar and positively charged residues, absent in PC binding 

pockets as to accommodate the bulky and positively charged choline moiety (41). In 

support of this view, in LUVETs, the PC-analogues used in this study did not cross-link to 

holo-cytochrome c, which interacts electrostatically with anionic lipids (data not shown). 

The partial overlap observed between the subsets of proteins cross-linked by 

phenylazide-PC and benzophenone-PC, indicating that these probes target similar sites, 



 83 

Specific detection of a phospholipid-interacting proteome 

in combination with the ASA-DLPE data, suggests that the phospholipid headgroup 

structure and charge are more important than the nature of the photoactivatable moi-

ety. More information about specific lipid-protein interactions will have to be obtained 

to characterize the lipid binding motifs involved. 

In summary, the new lipid analogues developed in this study allow for the straightfor-

ward detection and identification of the lipid headgroup-interacting proteome. 

Phenylazide-PC was found to be the most suitable photoactivatable lipid for this pur-

pose. It cross-links to both established interaction partners of PC and possible new 

interaction partners in IMV, regardless of whether they are peripheral or integral mem-

brane proteins. In addition, new peripheral membrane proteins, not previously described 

as membrane-associated, were identified. In principle, the method can be extended to 

any membrane or any lipid. 
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Abstract 

Previously, a 2D gel electrophoresis approach was developed for the Escherichia coli 

inner membrane, which detects membrane protein complexes that are stable in sodium 

dodecyl sulfate (SDS) at room temperature, and dissociate under the influence of 

trifluoroethanol (R. E. Spelbrink et al., J Biol Chem 2005, 280, 28742-8). Here, the method 

was applied to the evolutionarily related mitochondrial inner membrane that was iso-

lated from the yeast Saccharomyces cerevisiae. Surprisingly, only very few proteins were 

found to be dissociated by trifluoroethanol of which Lpd1p, a component of multiple 

protein complexes localized in the mitochondrial matrix, is the most prominent. Usage of 

either milder or more stringent conditions did not yield any additional proteins that were 

released by fluorinated alcohols. This strongly suggests that membrane protein com-

plexes in yeast are less stable in SDS solution than their E. coli counterparts, which might 

be due to the overall reduced hydrophobicity of mitochondrial transmembrane proteins. 

Introduction 

Although up to 30% of all open reading frames encode membrane proteins (1), they are 

still highly underrepresented in proteomic and structural studies. This may be caused by 

low levels of expression and the presence of exposed hydrophobic segments that compli-

cate proper solubilization. Since membrane proteins often function in large oligomeric 

complexes, blue native (BN)-polyacrylamide gel electrophoresis (PAGE) has been devel-

oped to study the membrane proteome at the level of protein complexes by separating 

them in their enzymatically active form after solubilizing the membrane in non-

denaturing detergents (2). In combination with a second dimension separation by so-

dium dodecyl sulfate (SDS)-PAGE to dissociate the complexes in their individual subunits, 

important structural information can be obtained, including subunit composition (3) and 

stability of (super-)complexes (4). 

Recently, an SDS-TFE-SDS-PAGE approach was developed that is complementary to 

BN-SDS-PAGE in that it detects membrane protein complexes that are stable in SDS at 

room temperature (5). SDS-stable complexes were shown to dissociate under the influ-

ence of small, fluorinated, alcohols such as 2,2,2-trifluoroethanol (TFE) that are thought 

to disturb the local interactions between hydrophobic protein segments, and/or be-

tween the hydrophobic protein segments and the surrounding membrane lipids or SDS-

molecules (5-8). In addition, TFE has been used at high concentrations (≥ 50%) to im-

prove the separation of membrane proteins from E. coli (9) and Streptococcus mutans 
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(10) in the classic 2D iso-electric focusing (IEF)-SDS-PAGE approach, illustrating its poten-

tial to solubilize membrane proteins. In contrast, TFE is generally regarded as a stabilizing 

agent for soluble, globular proteins (8, 11). 

In SDS-TFE-SDS-PAGE, samples are separated in the first dimension by SDS-PAGE 

without prior heating. Subsequently, the gel lanes are exposed to 25% (v/v) TFE, and 

then placed on top of the second dimension SDS-PAGE gel. After electrophoresis in the 

second dimension, complexes stable in SDS but dissociated by the alcohol will appear as 

off-diagonal spots. When applied to E. coli inner membrane preparations, 23 integral 

membrane proteins and 16 peripheral membrane proteins were identified in off-

diagonal spots, while only 14 soluble proteins were found. Comparison to the results of a 

BN-SDS-PAGE study in which 42 inner membrane proteins were identified as subunits of 

protein complexes (12), revealed an overlap of only 9 membrane proteins, indicating 

that the two techniques are complementary. For two of the proteins identified in the 

SDS-TFE-SDS-PAGE study, the preprotein translocase SecA and the mechanosensitive 

channel MscS, the oligomeric state and, in the latter case, its dissociation by TFE was 

confirmed in one dimensional SDS-PAGE gels using immunodetection (8, 13). 

Based on the results obtained in E. coli inner membranes, we reasoned that also 

other membranes may contain membrane protein complexes that escape detection by 

BN-SDS-PAGE because they resist dissociation by SDS. To test this, the SDS-TFE-SDS-PAGE 

technique was applied to yeast mitochondria. This organelle has been studied exten-

sively using BN-SDS-PAGE (14). Moreover, due to their origin as a bacterial endosymbiont 

(15), they are structurally and evolutionarily related to prokaryotic inner membranes. 

Surprisingly, using yeast mitochondria, only one off-diagonal spot appeared as a result of 

the treatment with TFE. LC-MS/MS analysis showed that this spot predominantly con-

tained a predicted matrix protein that might be membrane associated in yeast. We 

conclude that, under the conditions tested, yeast mitochondrial membranes do not 

contain integral membrane protein complexes that are stable in SDS, but can be dissoci-

ated by TFE, in contrast to E. coli inner membranes. This difference may be due to the 

overall reduced hydrophobicity of mitochondrial transmembrane proteins compared to 

that of their counterparts from the E. coli inner membrane. 
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Materials and Methods 

Isolation of membranes 

Sucrose gradient purified mitochondria and inner mitochondrial membrane vesicles from 

yeast were isolated from the wild type strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0) as described (16) and stored in aliquots at -80 °C at a protein concentration of 

approximately 2 mg /ml in 20 mM HEPES / KOH, 0.5 mM EDTA, pH 7.4. Inner membrane 

vesicles from E. coli strain BL21 were purified and stored as described (5, 17). Protein 

concentrations were determined using the BCA method (Pierce, Rockford, IL) with 0.1% 

(w/v) SDS added and bovine serum albumin as a standard. 

2D gel electrophoresis 

Aliquots of mitochondrial or E. coli membranes corresponding to either 5 µg or 20 µg 

protein, for the mini Protean III or Protean II setup (Biorad, Hercules, CA), respectively, 

were mixed with SDS-PAGE sample buffer (31 mM Tris/HCl, 1.25% (w/v) SDS, 5.5% (v/v) 

glycerol, 25 mM dithiotreitol, pH 6.8) at room temperature or at 95 °C for 5 min. Gel 

electrophoresis and the incubation of gel strips in 25% (v/v) TFE or 25% (v/v) 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) in electrophoresis buffer were performed as described (5) 

with minor modifications. While the first dimension gels were 0.75 mm thick, the second 

dimension gels were 1 mm thick in order to facilitate the transfer of the gel strips on top 

of the second dimension gels. Before running the second dimension, a filter paper 

(Whatman, Maidstone, UK) containing ‘precision plus’ prestained protein marker 

(Biorad) was placed next to the gel strip and both were embedded in 0.3% (w/v) agarose 

in electrophoresis buffer (18). After electrophoresis, the gels were washed in H2O, the 

mini gels 4 times 5 min and the large Protean II gels 4 times 10 min, and proteins were 

stained using the ‘blue silver’ colloidal Coomassie staining protocol (19). 

Where indicated, lithium dodecyl sulfate (LDS)-PAGE instead of SDS-PAGE was used in 

the first dimension. In this case, SDS in the sample buffer, electrophoresis buffer and gels 

was replaced by LDS at corresponding concentrations. All handling was performed on ice 

and the gels were run at a maximum power of 2W per gel to prevent heating. The result-

ing current never exceeded 15 mA per gel. Incubation of the gel strips and running of the 

second dimension were performed at room temperature. 
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LC-MS/MS analysis for protein identification 

Spots of interest were excised, in gel digested with trypsin and peptides analyzed by 

nanoscale LC-MS/MS by coupling an Agilent 1100 Series LC system to a LTQ XL quadru-

pole ion trap mass spectrometer (Finnigan, San Jose, CA), as described (16). The only 

modification was that, after digestion, the peptides were extracted using 5% (v/v) formic 

acid instead of acetic acid. Tandem mass spectra were extracted and charge state decon-

voluted by BioWorks (Thermo Scientific, Waltham, MA; version 3.3). All MS/MS samples 

were analyzed using Mascot (Matrix Science, London, UK; version 2.2.1) and X! Tandem 

(www.thegpm.org; version 2007.01.01.1), both set up to search the Yeast SGD database 

(5779 entries) with a parent ion tolerance of 0.5 Da and a fragment ion mass tolerance of 

0.9 Da. Fixed and variable modifications were the iodoacetamide derivative of cysteine 

and oxidation of methionine, respectively. Scaffold (version 01_07_00, Proteome Soft-

ware, Portland, OR) was used to validate MS/MS based peptide and protein identifica-

tions. Peptide identifications were accepted if they could be established at greater than 

95.0% probability as specified by the Peptide Prophet algorithm (20). Protein identifica-

tions were accepted if they could be established at greater than 99.0% probability as 

specified by the Protein Prophet algorithm (21), and contained at least 2 identified 

peptides in one of the samples. Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. 

BLAST analysis 

BLASTP (22, 23) (NCBI; version 2.2.17) was used to find yeast homologues of the E. coli 

proteins identified in a previous study (5). Each E. coli sequence was searched against 

non-redundant sequences from the Swissprot database, limiting the search results to 

sequences from S. cerevisiae (taxid 4932) and using default scoring parameters. 

Results 

Analysis of yeast mitochondria by an SDS-TFE-SDS-PAGE approach yields only one TFE 

dependent off-diagonal spot 

The SDS-TFE-SDS-PAGE approach was applied to E. coli inner membranes (Figure 1A) and 

mitochondria from the yeast S. cerevisiae (Figure 1B), using improved methods for 

transfer of proteins into the second dimension gel and for Coomassie staining. Compared 

to the previous study in E. coli (figure 3 in (5)), the spots in the diagonal were more 
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focused. Previously described off-diagonal spots were reproduced, as indicated by the 

arrowheads (Figure 1A), even though the concentration of SDS in the sample buffer was 

higher, 1.25% (w/v) vs. 0.4% in (5). In stark contrast to the large number of spots in the E. 

coli sample, only two off-diagonal spots were found in yeast mitochondria (Figure 1B), 

one at 60 kDa and a weak spot at 35 kDa. In some gels, an additional spot appeared at 50 

kDa (data not shown). Using a lower concentration of SDS (0.4% (w/v)) in the sample 

buffer did not reveal any additional spots (data not shown). Considering that 1.4 g of SDS 

binds to one gram of protein (24, 25), it was calculated that 0.4% (w/v) SDS corresponds 

to at least a ten-fold excess. 

To test whether the off-diagonal spots indeed represent proteins from SDS-stable 

protein complexes that dissociate under the influence of TFE, we performed experiments 

in mini gels using varying conditions. The usage of mini gels facilitated rapid screening, 

since the electrophoresis is faster and requires less protein. Yeast mitochondria (Figure 

2A) and inner mitochondrial membrane vesicles (data not shown) yielded the same off-

diagonal spots after TFE-treatment of the first dimension gel, including the additional 

spot at 50 kDa, very close to the diagonal. Therefore, the presence of soluble proteins in 

the mitochondrial samples did not seem to interfere with the detection of off-diagonal 

spots. Next, the mitochondrial sample was heated in SDS-PAGE sample buffer to make 

sure all protein complexes were dissociated, and subsequently separated on SDS-TFE-

SDS-PAGE. Under these conditions, the two off-diagonal spots at 50 kDa and 35 kDa 

were again observed (Figure 2B), suggesting that these represent proteins that undergo 

a conformational change or modification upon exposure to TFE. However, as these spots 

also appeared after treatment of the gel strip in the absence of any alcohol (see Figure 

3A), they were considered an artifact of the method, possibly caused by the transfer of 

proteins into the second dimension gel via a stacking gel. The spot at 60 kDa, indicated 

by the large arrowhead in Figure 2A, did not appear after heating or mock-treatment, 

confirming that this spot represents one or more mitochondrial proteins present in an 

SDS-stable complex that can be dissociated by TFE. 

Figure 1 (Left): 2D gels showing dissociation of SDS-stable protein complexes by TFE in E. coli inner mem-

brane vesicles (A) and in yeast mitochondrial membranes (B). The samples were separated on an 18 cm SDS-

PAGE gel, incubated in 25% (v/v) TFE, and again separated on SDS-PAGE in the second dimension. Proteins 

were visualized using a colloidal Coomassie stain. The arrowheads indicate the off-diagonal spots described 

previously (A), and those found in mitochondrial membranes (B). The marked area in panel B corresponds to 

the part of the gel shown in Figure 4B.  
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Mitochondrial protein complex stability examined by SDS-HFIP-SDS-PAGE and LDS-TFE-

SDS-PAGE 

Based on the appearance of a single TFE-dependent off-diagonal spot, we speculated 

that mitochondrial protein complexes are either more stable than their counterparts 

from E. coli, rendering 25% (v/v) TFE insufficient for complete dissociation, or less stable, 

causing them to already completely dissociate in SDS at room temperature. To test the 

first possibility, HFIP, which has been shown to dissociate the same protein complexes as 

TFE at a lower concentration (5, 7), was used as the most potent alcohol to dissociate 

SDS-stable protein complexes. Treatment with 25% (v/v) HFIP yielded one new additional 

spot (white arrowhead, Figure 3B) slightly above the 60 kDa TFE dependent spot (large 

black arrowhead). This spot at 70 kDa could represent additional proteins dissociated by 

HFIP or, alternatively, it could be due to smearing caused by HFIP in the second dimen-

sion, an effect that is observed above the diagonal when comparing Figures 3B and 2A. 

In case the protein complexes already dissociate in SDS at room temperature, lower-

ing the temperature might yield extra off-diagonal spots. This was achieved by replacing 

SDS with LDS, which does not precipitate at low temperatures, thus allowing the sample 

preparation and electrophoresis to be performed on ice. This method has been success-

fully applied to study the effect of TFE on the dissociation of E. coli MscS (mechano-

sensitive channel of small conductance), a heptameric complex of identical subunits that 

was stable in LDS-PAGE on ice, and could be dissociated by adding TFE (8). When yeast 

mitochondria were separated by LDS-PAGE on ice and the resulting gel lanes were 

incubated with or without TFE, no additional off-diagonal spots were detected in the 

second dimension gel (compare Figures 3C and 3D to Figure 2A). We conclude that 

Boiled, SDS-PAGENot Boiled, SDS-PAGE B

250
150
100
75

50

37

25

20

kDa
A

2
5
 %

T
F

E
, S

D
S

-P
A

G
E

Figure 2: Dissociation of protein complexes from S. cerevisiae mitochondria by TFE. Yeast mitochondrial pro-

teins were dissolved in SDS-PAGE sample buffer at either room temperature (A) or at 95 °C for 5 min (B) and 

separated on a mini SDS-PAGE gel. After incubation in 25% (v/v) TFE, the proteins in the gel lanes were sepa-

rated on SDS-PAGE in the second dimension. Proteins were visualized using a colloidal Coomassie stain. Arrow-

heads indicate off-diagonal spots; the large arrowhead indicates the spot only visible in panel A. 
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almost all protein complexes in the mitochondrial membrane dissociate in SDS at room 

temperature or LDS at reduced temperatures. 

LC-MS/MS analysis of off-diagonal spots 

To identify the proteins migrating in the off-diagonal spots that appear after TFE or HFIP 

treatment, large 2D gels were prepared after treating the first dimension gel strips with 

either TFE (Figures 1B and 4), HFIP, or no alcohol (Figure 4). Spots 1 (60 kDa) and 2 (70 

kDa) were excised from the gels shown in Figure 4, digested using trypsin, and the 

proteins present identified by LC-MS/MS analysis. Table 1 lists the number of unique 

peptides found per protein in each spot from the different gels. A complete listing of all 

identified proteins and peptides can be found in Supplementary Tables S1 and S2, re-
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Figure 3: The appearance of off-diagonal spots in samples of yeast mitochondria: dependence on the pres-

ence and the type of alcohol, and on the temperature. Yeast mitochondrial proteins were dissolved in either 

SDS-PAGE sample buffer at room temperature (A & B) or in LDS-PAGE sample buffer on ice (C & D) and sepa-

rated on mini SDS-PAGE or LDS-PAGE gels, respectively, as indicated. Gel strips were incubated without alcohol 

(A & C) or in the presence of 25% (v/v) HFIP (B) or 25% (v/v) TFE (D), and subjected to SDS-PAGE in the second 

dimension. Proteins were visualized using a colloidal Coomassie stain. Arrowheads indicate off-diagonal spots; 

large arrowheads indicate spots visible only after TFE or HFIP treatment (black), or HFIP treatment only (white).  
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spectively, of the supplementary information. Multiple proteins were detected in the off-

diagonal spots, even when no alcohol was used, indicating that in all cases some smear-

ing of proteins occurs in the vicinity of the diagonal. Most identified proteins have a 

molecular weight in the expected range of 60-70 kDa. Proteins with a molecular weight 

outside this range were identified with only a low number of peptides. 

Nevertheless, when the TFE-treated sample was compared to the untreated sample, 

one protein, dihydrolipoamide dehydrogenase (Lpd1p), stood out, showing a reproduci-

ble and significant increase in the number of unique peptides (55 vs. 25, Table 1) and 

total number of identified spectra (179 vs. 31, Supplementary Table S1) in spot 1. The 

number of unique peptide identifications is known to give a rough estimate of protein 

abundance (26). The 55 peptides identified after TFE treatment correspond to 91% 

sequence coverage. The identification of Lpd1p at the position of spot 1 in the absence 

of any treatment with alcohol indicates that also under these conditions the protein runs 

off-diagonal to some extent. Upon HFIP treatment, the number of unique peptides from 

this protein showed substantial increases in spot 1 as well as in spot 2, indicating that 

HFIP causes Lpd1p to distribute between these two off-diagonal spots. 

Several other proteins, such as Atp1p, Atp2p, Cat2p and Ndi1p, showed an increase 

in the number of unique peptides in spot 1 or spot 2 after treatment with HFIP. However, 

Atp1p, Atp2p (3), and Ndi1p (27) were found previously in a BN-SDS-PAGE or colorless 

native (CN)-SDS-PAGE approach, migrating at their unassociated molecular weight in the 

second dimension. This implies that they are dissociated from their respective complexes 

by SDS at room temperature and that their appearance in off-diagonal spots after HFIP 

treatment in the present study was probably due to smearing. We therefore conclude 

that Lpd1p is the main protein in both off-diagonal spots 1 and 2. 

No alcohol 25% HFIP25% TFE

1

2

1

2

1

Figure 4: Dissociation of protein complexes in yeast mitochondria in large gels for use in LC-MS/MS analysis. 

Yeast mitochondrial proteins were dissolved in SDS-PAGE sample buffer at room temperature and separated 

on an 18 cm SDS-PAGE gel. The gel lanes were either not incubated with alcohol, or with 25% (v/v) TFE or 25% 

(v/v) HFIP, as indicated. Proteins in the gel lanes were subjected to SDS-PAGE in the second dimension and 

visualized using a colloidal Coomassie stain. Only the area containing the excised spots 1 and 2 is shown, which 

corresponds to the marked area in Figure 1B. 
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Discussion 

This study reports a striking difference in the SDS-TFE-SDS-PAGE separation of proteins 

from E. coli inner membranes on the one hand and from yeast mitochondria on the 

other. Whereas 39 E. coli inner membrane proteins were found in off-diagonal spots (5), 

indicating that they were part of complexes (partly) stable in SDS at room temperature 

and only dissociated after heating (data not shown) or exposure to TFE, in yeast mito-

chondria only one spot was found to migrate off-diagonal as a result of TFE treatment. 

This spot predominantly contained the protein Lpd1p, a flavin-containing component of 

      Number of unique peptides
*
     

      Spot 1   Spot 2     

Protein ORF name 

MW 

(kDa) Mock TFE HFIP   mock HFIP TM
†
 Localization

‡
 

Ach1p YBL015W 59 11 1 13   23 28 0 M, cytosol 

Aco1p YLR304C 85 8 2 3   5 4 0 matrix 

Ald4p YOR374W 57 14 1 17   4 9 0 M 

Atp1p YBL099W 59 11 6 14   3 10 0 MIM 

Atp2p YJR121W 55 0 0 2   0 3 0 MIM 

Atp4p YPL078C 27 0 0 0   1 2 0 MIM 

Cat2p YML042W 77 0 0 0   0 5 0 M, PX 

Cyb2p YML054C 66 1 0 0   2 2 0 MIS 

Dld1p YDL174C 65 0 0 0   2 4 0 MIM 

Fmp29p YER080W 72 1 0 0   2 0 0 M 

Gut2p YIL155C 72 1 0 0   12 14 0 M 

Hsp60p YLR259C 61 0 0 0   19 26 0 matrix 

Ilv2p YMR108W 75 0 0 0   0 3 0 M 

Ilv3p YJR016C 63 1 0 0   1 5 0 M 

Ilv5p YLR355C 44 0 0 0   2 1 0 M 

Kgd1p YIL125W 114 3 2 0   1 0 0 matrix 

Leu4p YNL104C 68 1 0 0   7 15 0 M, CP 

Lpd1p YFL018C 54 25 55 37   5 21 0 matrix 

Nde1p YMR145C 63 1 0 2   1 1 0 M 

Ndi1p YML120C 57 0 0 5   0 0 1 matrix 

Pet9p YBL030C 34 0 0 3   5 6 3 MIM 

Pma1p YGL008C 100 14 1 0   4 1 10 PM, M 

Por1p YNL055C 30 0 0 1   2 5 0 MOM 

Sdh1p YKL148C 70 3 1 0   6 9 0 MIM 

Shm1p YBR263W 54 3 0 0   0 0 0 M 

Ssc1p YJR045C 71 26 14 14   4 5 0 MIM 

Tom70p YNL121C 70 5 0 0   1 1 1 MOM 

Ykr016wp YKR016W 61 2 0 2   0 0 1 M 

Yor356wp YOR356W 70 0 0 0   0 2 0 M 

Table 1: LC-MS/MS analysis of the off-diagonal spots 1 and 2 from Figure 4. 

*
 Identified in the gel spot after treatment of the sample with no alcohol, 25% (v/v) TFE or 25% (v/v) HFIP. 

†
 

Number of transmembrane segments, predicted by the TMHMM algorithm as listed in the Saccharomyces 

genome database (SGD). 
‡ According to SGD, M = mitochondrial, MIM = mitochondrial inner membrane, MIS = 

mitochondrial intermembrane space, MOM = mitochondrial outer membrane, CP = cytoplasm, PX = perox-

isome, PM = plasma membrane. 
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enzyme complexes present in the mitochondrial matrix, most notably pyruvate dehydro-

genase and 2-oxoglutarate dehydrogenase, two homologous complexes that function in 

the tricarboxylic acid cycle (TCA) cycle. While in bacteria these enzyme complexes are 

recovered in the soluble cytoplasmic fraction, they were found to be associated with the 

mitochondrial inner membrane in plants (28) and mammals (29), requiring detergents 

for solubilization. It was speculated that this association might occur through complex I 

(28). Since yeast mitochondria do not contain complex I, the membrane association of 

Lpd1p remains uncertain. Recently, we found that Lpd1p could be cross-linked to a 

photoactivatable lipid analogue incorporated in yeast inner mitochondrial membranes 

(Chapter 3), which indicates a peripheral membrane localization. 

It is unclear why Lpd1p ends up in an off-diagonal spot after treatment with TFE or 

HFIP. It is positioned approximately 20 kDa below the diagonal, but so far no interaction 

partner of Lpd1p of that size has been discovered. An alternative explanation could be a 

dramatic influence of fluorinated alcohols on the fold of the protein. Since Lpd1p report-

edly is stable at temperatures up to 70 °C (30), it might not properly unfold in SDS at 

room temperature, adopting a structure migrating at a higher apparent molecular 

weight. Upon exposure to TFE or HFIP, this intermediate state may be lost or collapse 

and as a result an off-diagonal spot is obtained. This is in agreement with the observation 

that TFE can have a stabilizing effect on the structure of globular proteins and affects the 

folding of such proteins (8, 11). In this scenario, there would be no yeast mitochondrial 

protein complexes left in SDS for dissociation by fluorinated alcohols. 

Apart from Lpd1p, no other mitochondrial protein shows a significant increase in the 

number of unique peptides in an off-diagonal spot after TFE treatment. Treatment with 

the more perturbing agent HFIP did not yield any additional proteins migrating in off-

diagonal spots. Therefore, the most plausible explanation for our results is that, under 

the conditions used, all protein complexes in yeast mitochondria are, in contrast to E. coli 

inner membranes, already dissociated by SDS at room temperature (or LDS at 0 °C), and 

cannot be further dissociated, with the possible exception of a Lpd1p-containing com-

plex. 

To get insight into the reasons for this striking difference in stability of membrane 

protein complexes in bacteria and mitochondria, we compared the results obtained in E. 

coli (5) to our results by performing a BLAST search for yeast homologues of proteins 

detected in off-diagonal spots in E. coli (Table 2). Most of the yeast homologues found 

were mitochondrial proteins, in agreement with the evolutionary relationship between 

mitochondria and prokaryotes. Of the 23 integral inner membrane proteins found in off-

diagonal spots in E. coli, only two, CydD (Q8X5I1) and HflB / FtsH (Q8X9L0), were found 
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to have homologues in yeast, but these were not identified in the present study. In 

contrast, 6 out of the 16 peripheral membrane proteins found in E. coli do have yeast 

homologues, of which 5 were retrieved in off-diagonal spots (Table 2). However, this was 

E. coli 

protein Swissprot ID 

Yeast 

ORF name Protein 

Score 

(bits) TM
*
 

MW 

(kDa) Localization
†
 

Integral               

CydD Q8X5I1 YMR301C Atm1p 148 5 77.5 MIM 

    YKL209C Ste6p 130 10 144.8 PM 

    YLR188W Mdl1p 114 5 75.9 MIM 

    YPL270W Mdl2p 114 3 85.1 MIM 

    YLL048C Ybt1p 98.2 14 189.2 Vacuole 

    YDR135C Ycf1p 94.7 14 171.1 Vacuole 

HflB Q8X9L0 YPR024W Yme1p 450 0 81.7 MIM 

    YMR089C Yta12p 432 0 93.3 MIM 

    YER017C Afg3p 430 1 84.5 MIM 

      17 proteins
‡
 109-216       

Peripheral             

AtpA P00822 YBL099W Atp1p 528 0 58.6 MIM 

    YJR121W Atp2p 114 0 54.8 MIM 

    YBR127C Vma2p 113 0 57.7 Vacuole 

AtpD P00824 YJR121W Atp2p 603 0 54.8 MIM 

    YBR127C Vma2p 108 0 57.7 Vacuole 

    YBL099W Atp1p 98.2 0 58.6 MIM 

LldD Q8XDF7 YML054C Cyb2p 160 0 65.5 MIS 

FrdA Q8XDQ0 YKL148C Sdh1p 376 0 70.2 MIM 

    YJL045W Yjl045wp 375 0 69.4 M 

    YEL047C Yel047cp 91.3 0 50.8 - 

GlpD Q8X6Y5 YIL155C Gut2p 158 0 72.4 M 

LepA P60787 YLR289W Guf1p 528 0 73.2 M 

    YOR133W 

YDR385W 

Eft1p / 

Eft2p 

111 0 93.3 Ribosome 

  P25039 YLR069C Mef1p 108 0 84.6 M 

  P39677 YJL102W Mef2p 92.8 0 91.3 M 

            

SucA P07015 YIL125W Kgd1p 669 0 114.4 MATRIX 

SucB P07016 YDR148C Kgd2p 301 0 50.4 MATRIX 

    YNL071W Lat1p 146 0 51.8 M 

AceF Q8X966 YDR148C Kgd2p 143 0 50.4 MATRIX 

    YNL071W Lat1p 120 0 51.8 M 

MalP Q8X708 YPR160W Gph1p 596 0 103.3 Cytoplasm 

SrmB Q8XA21   23 proteins
‡
 100-226       

YdiJ Q8X5Y8 YDL174C Dld1p 91.3 0 65.3 MIM 

Unknown  

*
 Number of transmembrane domains, predicted by the TMHMM algorithm as listed in the SGD database. 

†
 

According to SGD, M = mitochondrial, MIM = mitochondrial inner membrane, MIS = mitochondrial intermem-

brane space, PM = plasma membrane. 
‡
 A full list of homologues of HflB and SrmB can be found in the supple-

mentary material, Table S3.  

Table 2: BLAST search for yeast homologues of TFE-released proteins from E. coli. S. cerevisiae homologues of 

E. coli proteins found in off-diagonal spots after treatment with TFE (5) were searched using BLASTP. Only pro-

teins yielding yeast homologues with a bits score higher than 90 are shown, listed in the same order and using 

the same classifications as in (5). Proteins identified in the present study are bold faced. 
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probably caused by smearing due to TFE or HFIP treatment, as described in the results 

section. Interestingly, the E. coli homologue of Lpd1p, DldH (P0A9P0, bits score 308), was 

not found in an off-diagonal spot (5), in contrast to other components of the 2-

oxoglutarate dehydrogenase complex, SucA (P07015) and SucB (P07016), and of the 

pyruvate dehydrogenase complex, AceE (P06958) and AceF (Q8X966). We conclude that 

we were not able to find yeast homologues of E. coli membrane proteins in complexes 

that are stable in SDS and that migrate off-diagonally upon TFE treatment. 

In E. coli there was only a limited overlap of 9 proteins in datasets obtained after SDS-

TFE-SDS-PAGE and BN-SDS-PAGE separation (5, 12), indicating that in this organism the 

approaches are complementary. In yeast mitochondria, only one TFE-sensitive protein 

could be identified using our approach. We propose that this is related to the fact that 

the cytosolically synthesized mitochondrial proteins need to be imported into the organ-

elle. The mitochondrial import machinery imposes limits on the overall hydrophobicity of 

membrane proteins, and on the hydrophobicity of individual transmembrane segments 

(31), and it also requires the presence of prolines in one or more transmembrane seg-

ments of most proteins spanning the inner membrane multiple times (32). These limita-

tions imply that transmembrane segments of mitochondrial membrane proteins have 

different properties than those of proteins in other membranes, as illustrated by the 

failure of the hidden Markov model based TMHMM algorithm (33) to properly predict 

the transmembrane segments of the established integral inner membrane proteins 

Dld1p (Table 1), Yme1p and Yta12p (Table 2) (32, 34). In particular, the reduced hydro-

phobicity of mitochondrial membrane proteins would explain why all protein complexes 

in this organelle are already dissociated in SDS at room temperature. 

We conclude that, in contrast to E. coli inner membranes, we could not detect pro-

tein complexes intrinsic to yeast mitochondrial membranes that are stable in SDS but can 

be dissociated by fluorinated alcohols such as TFE or HFIP. Therefore, this research 

demonstrates a surprising difference in membrane protein complex stability of different, 

but structurally related, biological membranes. 
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Supplemental data 

Full listing of identified proteins (Table S1) and peptides (Table S2), and full listing of 

yeast homologues found for the E. coli proteins HflB and SrmB (Table S3). 
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Abstract 

Depletion of the abundant phospholipid phosphatidylcholine (PC) in the yeast Saccharo-

myces cerevisiae leads to the formation of respiratory deficient cells that lack functional 

mitochondria. To study which mitochondrial processes are affected by PC-depletion, 

quantitative proteomics was performed on yeast mitochondria by metabolic labeling 

using 
15

N as a stable isotope. PC-depletion was accomplished by transferring mid-

logarithmic cho2opi3 cells to fresh medium lacking choline, since these cells can only 

produce PC when choline is present in the growth medium. Adjustment of growth 

conditions for metabolic labeling with 
15

N did not interfere with PC-depletion. Mass 

spectrometry analysis revealed that some mitochondrial proteins showed elevated levels 

in mitochondria upon PC-depletion. However, most proteins that became more abun-

dant in isolated mitochondria under these conditions were not mitochondrial proteins. 

Comparison to protein levels in total cell lysates revealed that these proteins were 

specifically enriched in purified mitochondria upon PC-depletion, indicating that mito-

chondria in PC-depleted cells have more contact sites with other organelles than normal 

mitochondria. The increased levels of Cyb2p, Sod1p, Mcr1p, Cox4p, Cox6p, Atp15p and 

Inh1p indicated that PC-depleted cells were oxidatively stressed and that the oxidative 

phosphorylation was not functioning properly. 

Introduction 

Phosphatidylcholine (PC) is an abundant lipid in most eukaryotes, and serves as a major 

building block of all organellar membranes (1). Apart from its structural role, it has other 

biological functions, for example as a precursor for messengers involved in signal trans-

duction (1, 2), and in apoptosis (3). In the model organism Saccharomyces cerevisiae PC 

comprises up to 50% of all phospholipids (1). A major phenotype of strains defective in 

PC synthesis is the formation of respiratory deficient petites, that do not contain func-

tional mitochondria (4). Therefore, PC must play an important role in mitochondrial 

function. Nevertheless, mitochondria cannot produce their own PC and rely on import of 

this phospholipid from the ER (5). 

In yeast, PC is synthesized via two pathways, either via the methylation of phosphati-

dylethanolamine (PE) using S-adenosylmethione as methyl donor, or via the Kennedy 

pathway from diacylglycerol and choline, which can be supplied by PC turnover or taken 

up from the growth medium (6). Both pathways contribute to the PC content of mito-

chondria (7, 8) and can substitute for one another, indicating that mitochondrial PC is 
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derived from a single pool. Rapid transport of newly synthesized PC was observed be-

tween the ER and mitochondria both in vivo and in vitro, most probably via membrane 

contact sites, and requiring proteins from both organelles (9). However, the exact 

mechanism and the proteins involved remain elusive. 

To determine which mitochondrial proteins show specific interactions with PC, PC 

analogues with a photo-activatable moiety attached to one of the acyl chains (10) or to 

the head group (Chapter 3) were applied in mitochondrial membranes yielding cross-link 

products to multiple proteins. One of these proteins, Gut2p, was found to be dependent 

on PC for efficient functioning, although the exact mechanism remains unclear (11). In 

addition, photolabeling was observed to the subunits of the cytochrome bc1 complex and 

the cytochrome c oxidase complex, both of which contain tightly bound PC molecules in 

their crystal structures (12, 13). 

In an alternative approach to study the role of PC in cellular processes, a yeast 

cho2opi3 mutant strain has been used (14) in which the CHO2 and OPI3 genes that code 

for the enzymes that methylate PE to PC (15) were deleted. This strain depends on 

choline present in the growth medium for the production of PC (16, 17). After transfer-

ring exponentially growing cho2opi3 cells to choline-free medium, growth continues for 

several generations with the cellular PC content being halved every generation, until it 

drops below 2% (14, 16). By depriving cho2opi3 cells of choline, the influence of PC on 

the functioning of Gut2p (11) and the consequences of PC-depletion on the cellular lipid 

composition (14) have been investigated. 

To study which mitochondrial processes are affected by depletion of PC, we per-

formed quantitative proteomics on yeast mitochondria under conditions of PC-depletion. 

Quantitative proteomics via stable-isotope labeling has proven a convenient tool to 

study changes in relative protein abundance on a proteome-wide scale (18, 19). Stable-

isotopes can be incorporated by a variety of methods. For unicellular organisms and 

tissue cell cultures, metabolic incorporation via the growth medium is often the most 

convenient option. In a typical experiment, cells grown under different conditions can be 

mixed before or directly after harvesting, thereby avoiding the occurrence of experimen-

tal variation arising from parallel processing. For yeast, metabolic labeling for quantifica-

tion of the proteome has been reported using different growth media, including com-

plete 
15

N-labeled media (20), media containing 
15

N-ammonium sulfate as the sole nitro-

gen source (21-23), or media containing 
13

C-labeled lysine and arginine in a yeast strain 

that is auxotrophic for these amino acids (24). 

Since the cho2opi3 strain and the parent strain BY4742 are auxotrophic for some 

amino acids, stable-isotopes were introduced by growth on minimal media containing 
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15
N-labeled ammonium sulfate and the essential 

15
N-labeled amino acids. Comparative 

LC-MS/MS analysis of a preparation of isolated, intact mitochondria demonstrated that 

mostly non-mitochondrial proteins became more abundant under conditions of PC-

depletion. Comparison with the results obtained after LC-MS/MS analysis of total lysates 

showed that non-mitochondrial proteins were enriched in mitochondrial preparations 

after PC-depletion. In both datasets, a number of mitochondrial proteins showed a clear 

increase in abundance after choline deprivation. The results are discussed in relation to 

the existence of membrane contact sites between the ER and mitochondria and the 

importance of PC in mitochondrial functioning. 

Materials and methods 

Yeast strains, media, and culture conditions 

The wild-type (WT) S. cerevisiae strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) was 

obtained from Invitrogen (Carlsbad, CA). The congenic cho2opi3 strain (cho2::KanMX 

opi3::LEU2) was obtained as described (25). Yeast cells were cultured under aerobic 

conditions at 30 °C in synthetic defined lactate (SL) medium, containing either a rich 

amino acid mixture or an essential amino acid mixture. The SL medium was prepared as 

described (4), except that it contained per liter 1 g glucose and 20 mL lactic acid as 

carbon source, and was supplemented with KOH to adjust to pH 5.5, 75 µM inositol, and 

1 mM choline where indicated. The medium was supplemented with 20 mg arginine, 20 

mg histidine, 60 mg leucine, 230 mg lysine, 20 mg methionine, 300 mg threonine, and 20 

mg tryptophan per liter to obtain the rich amino acid mixture, and 20 mg histidine, 60 

mg leucine, and 40 mg lysine per liter to obtain the essential amino acid mixture. For 
15

N-

labeling, (
15

NH4)2SO4 (> 99% 
15

N, Spectra Stable Isotopes, Columbia, MD) and 
15

N-labeled 

histidine, leucine, and lysine (>98% 
15

N, Spectra Stable Isotopes) were added instead of 

the unlabeled components. Growth was monitored by analyzing the OD at 600 nm, using 

a Unicam Helios Epsilon spectrophotometer. Depletion of PC in cho2opi3 cells was 

performed as described previously (14), except that cells were grown in SL-medium 

containing the essential amino acid mixture. Briefly, cells were grown to an OD of ~0.2 in 

choline-containing medium, collected by filtration and immediately inoculated to an OD 

of 0.02 in choline-free medium. 
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Growth phenotype 

The BY4742 and cho2opi3 strains were cultured in YPD medium (Difco) to mid-

logarithmic phase of growth (OD ~ 0.5), washed three times in H2O and adjusted to an 

OD of 0.5. 12 µL aliquots of 1:10 serial dilutions were plated on solid SD (4) agar plates 

containing per liter 20 g glucose as carbon source, 75 µmol inositol, 1 mmol choline 

where indicated, 20 g agar, KOH to adjust to pH 6.4, and either the rich or the essential 

amino acid mixture, as described above. After 3 days of growth, plates were photo-

graphed. 

Phospholipid analysis 

At indicated time points, lipids were extracted as described (26) with minor modifica-

tions. Approximately 12.5 OD units of cho2opi3 cells were harvested by centrifugation, 

lyophilized, resuspended in 3 mL 2:1 chloroform/methanol (v/v), and sonicated for 20 

min in a bath sonicator (Branson Ultrasonics B1200, Danbury, CT). After addition of 1 mL 

0.1 M HCl, samples were vortexed vigorously, and phases were separated by centrifuga-

tion at 4 °C. Organic phases were collected and water phases washed with 3 ml 2:1 

chloroform/methanol (v/v). The combined organic phases were washed once with 1 mL 

0.1 M HCl, 0.4 mL isopropanol was added, and the solvents evaporated under a stream 

of N2. Lipid films were dissolved in 100 µL 2:1 chloroform/methanol (v/v) and phosphol-

ipid concentration was measured by phosphorous determination after destruction in 

perchloric acid at 180 °C, using 0-50 nmol KH2PO4 as a standard (27). Typical yield was 8 

nmol of phospholipid per OD unit. A total lipid extract corresponding to approximately 

50 nmol phospholipid was separated on a Silica-HPTLC-60 plate (Merck, Darmstadt, 

Germany) impregnated with 1.8% (w/v) boric acid in ethanol using 30:35:7:35 chloro-

form/ethanol/water/triethylamine (v/v/v/v) as mobile phase (28). Phospholipids were 

visualized by spraying with a 150 mM molybdate solution in 12.5 N H2SO4, followed by 

heating of the TLC plate. 

Preparation of total cell lysates 

At indicated time points, total cell lysates were prepared using a method suitable for 

quick protein extraction from yeast grown on minimal medium (29). 1.25 OD units were 

harvested by centrifugation and resuspended in a final volume of 400 µL of 0.1 M NaOH. 
14

N- and 
15

N-labeled cells were mixed at this point and incubated for 5 min at room 

temperature while shaking. Cells were pelleted, lysed by heating for 4 min at 95 °C in 

either 100 µL SDS-PAGE sample buffer (31 mM Tris/HCl, 1.25% (w/v) SDS, 5.5% (v/v) 
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glycerol, 25 mM dithiotreitol, bromophenol blue, pH 6.8) or in 100 µL XT sample buffer 

supplemented with XT reducing agent (Biorad, Hercules, CA), and, after pelleting cell 

debris, the lysates were separated on standard SDS-PAGE gels containing 11% (w/v) 

acrylamide for MALDI-TOF MS analysis or on Criterion XT 4-12% (w/v) Bis-Tris gels 

(Biorad) for LC-MS/MS analysis, respectively. Different amounts of sample were loaded 

per lane. Typically, 5 µL sample per lane on standard SDS-PAGE gels and 10 µL per lane 

on Criterion XT gels produced the best results. Gels were stained using Coomassie 

brilliant blue. 

Purification of mitochondria 

After collection by filtration as described above, cho2opi3 cells were cultured for 12 h in 

800 ml 
14

N-SL medium without choline or in 800 ml 
15

N-SL medium with choline. After 

washing the cells with 1 mM EDTA pH 7.4, equal amounts of cells from both cultures, 

based on wet weight, were mixed. Spheroplasts were prepared using zymolyase as 

described (30), and broken in a Dounce homogenizer in buffer containing 0.6 M sorbitol, 

1 mM PMSF, 0.5% (w/v) dextran (Roth), 10 mM EDTA and 10 mM MES, pH 6.0. Crude 

mitochondria were isolated using differential centrifugation and further purified on a 

sucrose gradient as described (31). The final mitochondrial pellet was resuspended in 20 

mM HEPES / KOH, 0.5 mM EDTA, pH 7.4. Protein concentration was determined using 

the BCA method (Pierce, Rockford, IL) with 0.1% (w/v) SDS added and bovine serum 

albumin as a standard. For LC-MS/MS analysis, 25 µg mitochondrial proteins were 

separated on an SDS-PAGE gel containing 11% (w/v) acrylamide and stained with 

Coomassie brilliant blue. 

MALDI-TOF MS analysis 

To test label incorporation, BY4742 cells were grown in YNB medium, which contained 

per liter: 1.0 g glucose, 20 mL lactic acid, 1.7 g yeast nitrogen base (without amino acids 

and (NH4)2SO4, Difco), 5.0 g 
14

N- or 
15

N-containing (NH4)2SO4, 20 mg adenine, and 40 mg 

uracil, and which was supplemented with either the 
14

N- or 
15

N-containing essential 

amino acid mixture. After SDS-PAGE separation of total cell lysates prepared as de-

scribed above, bands migrating at 75 kDa were digested as described (32). Peptides were 

purified using ZipTip μC18 tips (Millipore, Billerica, MA) according to the manufacturer’s 

instructions and eluted directly on a MALDI plate using α-cyano-4-hydroxycinnamic acid 

as matrix. MS measurements were performed on a MALDI-TOF/TOF instrument (Applied 

Biosystems 4700, Foster City, CA), equipped with a 200 Hz Nd:YAG laser operating at 355 

nm, in a reflectron positive ion mode using delayed extraction. Typically, 3750 shots per 
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spectrum were acquired in the MS mode. Peptides were identified by peptide mass 

fingerprinting using Mascot (Matrix Science, London, UK; version 2.2.04), set up to 

search the yeast SGD database (5779 entries) with a mass tolerance of 100 ppm. Fixed 

and variable modifications were the iodoacetamide derivative of cysteine and oxidation 

of methionine, respectively. For a number of peptides, additional fragmentation informa-

tion was obtained in the MS/MS mode using collision induced dissociation and 15,000 

shots per spectrum. 

LC-MS/MS analysis for protein quantification 

An SDS-PAGE gel lane containing a mixture of 
14

N- and 
15

N-labeled mitochondria was cut 

in 13 pieces, while Criterion XT gel lanes of total lysates were cut in 30 pieces to perform 

in-gel digestion, as described (32). To determine relative protein levels, peptides were 

extracted using 5% (v/v) formic acid and separated on a nanoscale HPLC system, as 

described (32), eluting directly in either an LTQ-Orbitrap, LTQ-Orbitrap discovery, or LTQ-

FT mass spectrometer (Thermo Scientific, Waltham, MA). These instruments yield similar 

results. All mass spectrometers were operated in the positive ion mode, and peptides 

were fragmented in data-dependent mode. Tandem mass spectra were extracted and 

charge states deconvoluted by BioWorks (Thermo Scientific, version 3.3.1). All MS/MS 

samples were analyzed using Mascot (Matrix Science, London, UK; version 2.2.04), set up 

to search the yeast SGD database (5779 entries) with a parent ion tolerance of 10 ppm 

and a fragment ion mass tolerance of 0.9 Da. 
15

N-metabolic labeling was specified as 

quantification method. Fixed and variable modifications were the iodoacetamide deriva-

tive of cysteine and oxidation of methionine, respectively. Relative quantification ratios 

of identified peptides were derived using MSQuant (http://msquant.sourceforge.net; 

version 1.4.2a13JG). Relative protein expression ratios were calculated based on ex-

tracted ion currents (XIC) of the peptides using StatQuant (https://

bioinformatics.chem.uu.nl/supplementary/StatQuant/, version 1.1.0). This program was 

also used for normalization of experiments based on the median ratio, outlier detection 

on Z-values, and calculation of p-values after performing a one sample Student’s t-test. 

Results 

Conditions for stable-isotope labeling of BY4742 cells 

To perform quantitative proteomics in the cho2opi3 strain we considered a number of 

strategies for stable-isotope labeling. One approach is to label only specific amino acids, 
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which requires that the strain used is auxotrophic for these amino acids. To make sure 

that all peptides to be analyzed by mass spectrometry after trypsin digestion contain one 

of these amino acids, labeling with 
13

C-arginine and 
13

C-lysine is the preferred method 

(24). However, since the cho2opi3 strain is an arginine prototroph, this would require the 

deletion of additional genes. Alternatively, all amino acids can be labeled with 
15

N by 

using 
15

N-ammonium sulfate and 
15

N-amino acids in the growth medium. 
15

N-labeled 

complete amino acid mixtures isolated from algae can be obtained commercially, but 

their composition differs per batch, making a proper comparison to unlabeled growth 

medium difficult. Instead, we opted to 
15

N-label all amino acids by incorporating 
15

N-

ammonium sulfate and supplementing the medium with the 
15

N-labeled amino acids 

that are essential for growth of the BY4742 strain. 

To test the efficiency of labeling, BY4742 cells were grown on 
14

N-containing or 
15

N-

containing lactate-based YNB medium supplemented with histidine, leucine, and lysine. 

Cell lysates were separated on SDS-PAGE and the Coomassie-stained bands at 75 kDa 

were excised and digested using trypsin. Peptide masses and their isotopic distribution 
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Figure 1: MALDI-TOF analysis of 
14

N- and 
15

N-labeled BY4742 cells. BY4742 cells were grown in 
14

N- or 
15

N-

labeled YNB medium supplemented with the (labeled) essential amino acids. Lysates were separated on SDS-

PAGE and a band at 75 kDa was excised for tryptic digestion. Peptides were analyzed by MALDI-TOF MS. Two 

regions (A and B) of the MS spectra are shown originating from 
14

N-labeled cells, 
15

N-labeled cells, or a combi-

nation of both. Peptides were identified by peptide mass-fingerprinting to calculate the number of nitrogen 

atoms present. Based on this number, all peptides showed a correct shift in mass upon 
15

N-labeling. 
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were compared by MALDI-TOF MS (Figure 1). Identification by peptide mass fingerprint-

ing allowed us to calculate the differences in mass expected between the light (
14

N) and 

heavy (
15

N) peptides based on their sequence. The three peptides, originating from 

Ssa1p, shown in Figure 1 demonstrate the expected shift in mass after incorporation of 
15

N. For virtually all 
14

N-labeled peptides a corresponding 
15

N-labeled peptide could be 

found. Collision induced dissociation of some peptide pairs in the MS/MS mode resulted 

in highly identical fragmentation patterns (data not shown). The 
15

N-labeled peptides 

showed a slightly altered isotopic distribution, with an extra peak appearing before the 

monoisotopic peak. This indicates that the peptides contained a minor amount of 
14

N 

instead of 
15

N, which is explained by the residual 
14

N-atoms in the isotope-labeled am-

monium sulfate and amino acids. Correct incorporation of the labeled amino acids 

leucine and lysine could be confirmed by the correct shift in mass of the peptides shown 

in Figure 1. Correct labeling of histidine was confirmed by a shift in mass of its immonium 

ion in one of the MS/MS spectra from 110 Da to 113 Da (data not shown). 

Depletion of PC in cho2opi3 cells under conditions of 
15

N-labeling 

To verify that the culture conditions necessary for 
15

N-labeling did not affect growth and 

the depletion of PC in cho2opi3 cells, BY4742 and cho2opi3 cells were grown on SD 

plates (4) supplemented with a rich mixture of seven amino acids as used previously for 

PC-depletion in the cho2opi3 strain (14), or with only the essential amino acids histidine, 

leucine and lysine (figure 2A). SD and SL medium do not contain any choline-

contamination that might interfere with PC-depletion (4). BY4742 showed comparable 

growth on SD plates, regardless of the presence of additional amino acids or of choline. 

In contrast, the cho2opi3 strain did not grow in the absence of choline (figure 2A). In the 

presence of choline, growth was slightly reduced when the essential amino acids had 

been added instead of the rich amino acid mixture. 

Subsequently, depletion of PC was performed in liquid lactate-based SL medium 

supplemented with the essential amino acids. Mid-logarithmic cho2opi3 cells were 

transferred by filtration to fresh SL medium lacking choline, or, as a control, to medium 

containing 1 mM choline. Growth was found to be exponential for up to 12 h, corre-

sponding to approximately 4 generations (Figure 2B). After this time, growth slowed 

down, and this decrease was more pronounced in the absence of choline. Similar growth 

curves were obtained previously in medium containing a rich amino acid mixture (14). 

Lipid extracts of cells harvested after 12 h showed a clear decrease in their PC content, 

accompanied by a marked increase in PE content (Figure 3), as was described before 
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(14). We concluded that the growth conditions required for metabolic labeling did not 

significantly alter growth and PC-depletion of the cho2opi3 strain. 

Effect of PC-depletion on the mitochondrial proteome 

To perform quantitative proteomics on mitochondrial proteins under conditions of PC-

depletion, cho2opi3 cells precultured in the presence of 
14

N and choline were transferred 

by filtration, as described above, to fresh 
14

N-SL medium lacking choline, while 
15

N-
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- Choline

cho2opi3

0.01

0.1

1

10

0 10 20 30 40

O
D

6
0

0

Time (h)

A

B

Figure 2: Growth under conditions of PC-depletion. (A) Serial dilutions of YPD-grown BY4742 and cho2opi3 

cells were spotted on SD agar plates supplemented with a rich or an essential amino acid mixture, and with 

choline where indicated. Cells were grown for 3 d at 30 °C. (B) cho2opi3 cells grown to mid-log in SL medium 

supplemented with choline and essential amino acids were transferred to fresh SL medium and grown in the 

presence (dots) or absence (open triangles) of 1 mM choline. Growth was monitored by analyzing the OD600. 
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labeled cho2opi3 cells were transferred to fresh 
15

N-SL medium that contained 1 mM 

choline. Growth and the decrease in PC-content were not affected by the presence of 
15

N-labeled compounds (not shown). Cells from both cultures were harvested after 12 h 

to avoid the influence of the transition to stationary phase on protein expression levels. 

Subsequently, cells were combined and mitochondria isolated. Mitochondrial proteins 

were separated on SDS-PAGE and the gel lane was cut in 13 pieces. Each piece was 

trypsin digested and analyzed separately by LC-MS/MS. 

In total, 339 proteins were identified with a confidence level that was sufficient to 

quantify their relative abundance in the two samples, expressed as the 
2
log of the 

amount of heavy protein (+choline) per amount of light protein (-choline). 215 of these 

proteins (63%) were part of the reference set of confirmed mitochondrial proteins (546 

proteins) in the mitop2 database (http://www.mitop2.de, version Nov. 2007) (33). The 

relative protein levels were normalized based on the median value, after which, accord-

ing to Student’s t-test, 96 proteins were found to show a significant change in abundance 

upon PC-depletion (p < 0.05). These proteins have been listed in Table 1. 21 Proteins 

showed a more than two-fold increase in abundance after PC-depletion (
2
log ratio < -1), 

while no protein showed a more than two-fold decrease in abundance (
2
log ratio > 1). 

Remarkably, only two proteins with a ratio < -1 were part of the mitop2 reference set. 

The expression of Psd1p, the mitochondrial phosphatidylserine decarboxylase, like the 

expression of other enzymes responsible for phospholipid synthesis, is known to be 

CL
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Figure 3: TLC analysis of the phospholipid composition of 

cho2opi3 cells grown in the absence or presence of cho-

line. Cells from the cho2opi3 strain grown to mid-log in 
14

N or 
15

N-labeled SL medium, supplemented with choline 

and essential amino acids, were transferred to fresh SL 

medium, and grown in the absence (
14

N) or in the pres-

ence of 1 mM choline (
15

N), respectively. After 12 h, lipids 

were extracted and separated by HPTLC. Phospholipids 

were stained with molybdate. The main classes cardiolipin 

(CL), phosphatidylethanolamine (PE), phosphatidylserine 

(PS), phosphatidylinositol (PI), and phosphatidylcholine 

(PC) are indicated. Dioleoylphosphatidylcholine (DOPC) 

was used as a marker for PC in a separate lane. 
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Protein ORF 

Nr. of 

peptides 
a
 

2
log 

(+C/-C) 
b
 SD 

c
 p-value Mito 

d
 

Total A
 e

 
2
log (+C/

-C) 

Total B 
2
log (+C/-

C) 

Eft1 YOR133W 4 -2.93 0.25 1.7E-04 - 0.50 0.48 

Mdh3 YDL078C 3 -2.24 0.33 7.1E-03 -     

Psd1 YNL169C 5 -2.05 0.35 1.9E-04 +     

Pil1 YGR086C 14 -2.03 0.32 4.1E-12 -   -0.32 

Kar2 YJL034W 19 -1.88 0.32 1.3E-15 - -0.43 -0.49 

Tcb1 YOR086C 7 -1.85 0.34 4.0E-04 -     

Tcb3 YML072C 5 -1.78 0.08 1.2E-06 -     

Pma1 YGL008C 29 -1.77 0.23 0.0 -     

Lsp1 YPL004C 12 -1.63 0.59 1.1E-06 -   -0.29 

  YJL171C 3 -1.59 0.19 4.7E-03 -     

Gtt1 YIR038C 3 -1.57 0.14 2.5E-03 -     

Ssa2 YLL024C 8 -1.56 0.29 1.1E-06 - 0.49 0.67 

Act1 YFL039C 3 -1.54 0.20 5.5E-03 - -0.27   

Rtn1 YDR233C 2 -1.45 0.14 4.3E-02 -     

Cdc42 YLR229C 2 -1.43 0.11 3.3E-02 -     

Faa1 YOR317W 5 -1.43 0.29 4.0E-04 -     

Cwh41 YGL027C 2 -1.28 0.11 4.0E-02 -     

Pdi1 YCL043C 9 -1.23 0.20 8.7E-05 -   -0.71 

Hhf1 YBR009C 2 -1.20 0.08 3.0E-02 -     

Rho1 YPR165W 4 -1.16 0.18 9.6E-04 -     

Cyb2 YML054C 18 -1.11 0.28 4.7E-12 +     

Cof1 YLL050C 2 -0.86 0.07 3.7E-02 -     

Clu1 YMR012W 29 -0.78 0.30 4.8E-14 -     

Tkl1 YPR074C 14 -0.77 0.24 1.9E-08 -   0.35 

Hxt7 YDR342C 3 -0.76 0.27 3.9E-02 -     

Ypt7 YML001W 4 -0.68 0.24 1.1E-02 -     

Rpm2 YML091C 4 -0.65 0.27 1.7E-02 +     

Ypt31 YER031C 3 -0.65 0.20 3.1E-02 -     

Om45 YIL136W 15 -0.61 0.13 2.6E-07 + -0.85 -0.70 

Tdh3 YGR192C 8 -0.61 0.38 2.7E-03 -     

Gpm1 YKL152C 5 -0.59 0.11 3.0E-04 - -0.12 -0.36 

Mcr1 YKL150W 12 -0.57 0.29 6.8E-05 +     

Tef1 YPR080W 15 -0.49 0.26 9.5E-06 - 0.45 0.65 

Ach1 YBL015W 10 -0.46 0.24 3.6E-04 + -0.57   

Aim41 YOR215C 7 -0.40 0.22 2.9E-03 -     

  YGR235C 2 -0.39 0.01 6.0E-03 -     

Img1 YCR046C 6 -0.35 0.19 6.6E-03 +     

Fmp10 YER182W 6 -0.33 0.13 1.6E-03 +     

Hem15 YOR176W 7 -0.25 0.22 2.5E-02 +     

Cbp6 YBR120C 4 -0.24 0.02 2.6E-02 +     

Ism1 YPL040C 2 -0.24 0.01 1.8E-02 +     

Ald4 YOR374W 28 -0.23 0.19 1.7E-06 + -0.33 -0.44 

Sdh2 YLL041C 7 -0.19 0.09 5.1E-03 +     

Hsp60 YLR259C 28 -0.19 0.21 6.5E-05 + -0.28   

Aim28 YKR016W 9 -0.18 0.16 9.5E-03 -     

Yta12 YMR089C 9 -0.18 0.14 6.6E-03 +     

Kgd2 YDR148C 8 -0.17 0.18 3.3E-02 +     

Rps5 YJR123W 4 -0.17 0.09 4.9E-02 - 0.28   

Mia40 YKL195W 2 -0.16 0.01 1.7E-02 +     

Rps9b YBR189W 9 -0.16 0.18 3.4E-02 - 0.36 0.16 

Table 1: Proteins with a significantly changed abundance (p < 0.05) in isolated mitochondria upon PC-

depletion.  
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Qcr2 YPR191W 24 0.06 0.12 3.2E-02 + -0.23   

Idh2 YOR136W 10 0.07 0.10 5.0E-02 +     

Aco1 YLR304C 32 0.10 0.11 2.4E-05 +   0.49 

Ehd3 YDR036C 3 0.11 0.04 4.8E-02 -     

Bat1 YHR208W 8 0.13 0.14 3.9E-02 +     

Idh1 YNL037C 17 0.13 0.18 8.4E-03 +     

Phb1 YGR132C 7 0.13 0.11 1.9E-02 +     

Cit1 YNR001C 10 0.14 0.15 1.9E-02 +     

Cor1 YBL045C 20 0.15 0.19 2.9E-03 +     

Lsc1 YOR142W 6 0.16 0.08 1.5E-02 +     

Lat1 YNL071W 14 0.16 0.23 2.2E-02 +     

Tom70 YNL121C 12 0.18 0.22 1.5E-02 + 0.26   

Pth2 YBL057C 4 0.19 0.05 2.3E-02 -     

Dld1 YDL174C 13 0.20 0.20 3.6E-03 +     

Ccp1 YKR066C 9 0.24 0.23 1.5E-02 +     

Shm1 YBR263W 6 0.26 0.10 5.0E-03 +     

Phb2 YGR231C 7 0.27 0.27 3.7E-02 +     

Aim45 YPR004C 9 0.28 0.17 1.2E-03 -     

Qcr10 YHR001W-A 2 0.31 0.03 3.8E-02 +     

Yah1 YPL252C 3 0.36 0.12 3.5E-02 +     

Idp1 YDL066W 11 0.36 0.15 8.7E-05 +     

Mas2 YHR024C 6 0.37 0.20 5.9E-03 +     

Pet127 YOR017W 2 0.38 0.01 6.9E-03 +     

Ilv5 YLR355C 17 0.38 0.43 2.1E-03 +     

Ilv2 YMR108W 20 0.41 0.31 8.9E-06 + 0.60 0.64 

Lys12 YIL094C 8 0.44 0.12 1.6E-05 +     

Ald5 YER073W 8 0.45 0.11 1.7E-04 +     

Ilv6 YCL009C 10 0.48 0.25 2.1E-04 +     

Ggc1 YDL198C 5 0.48 0.14 8.4E-03 +     

Hem1 YDR232W 2 0.49 0.01 1.0E-02 +     

Ecm40 YMR062C 17 0.50 0.08 8.4E-11 + 0.35   

Leu4 YNL104C 25 0.51 0.29 5.2E-09 +     

Aco2 YJL200C 8 0.52 0.18 4.2E-04 -     

Mis1 YBR084W 20 0.52 0.18 1.1E-10 +     

Tuf1 YOR187W 8 0.55 0.12 2.9E-06 +     

Ilv1 YER086W 15 0.55 0.23 1.8E-07 +     

Ilv3 YJR016C 22 0.57 0.23 2.4E-09 +     

Arg8 YOL140W 6 0.59 0.11 1.6E-03 +     

Alt1 YLR089C 11 0.59 0.17 7.5E-06 -     

Gcv1 YDR019C 4 0.67 0.32 2.4E-02 +     

Arg5,6 YER069W 31 0.67 0.31 4.3E-13 + 0.15   

Gcv2 YMR189W 14 0.74 0.15 1.4E-10 +     

Gcv3 YAL044C 7 0.81 0.32 5.9E-04 +     

Sdh1 YKL148C 10 -0.06 0.07 2.0E-02 +     

Atp4 YPL078C 6 -0.08 0.02 7.6E-03 + -0.29   

Lsc2 YGR244C 13 -0.12 0.09 8.3E-04 +     

a
 number of peptides used for quantification. 

b
 
2
log of amount of protein in the presence of choline per amount 

of protein in the absence of choline. 
c
 standard deviation of the 

2
log ratio. 

d
 Mitochondrial protein, confirmed 

by published experimental data (http://www.mitop2.de, version Nov. 2007, reference set). 
e
 

2
log ratios as 

found in total lysates A and B. Only ratios with p < 0.05 are shown.  
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upregulated when PC synthesis is impaired. This is due to the presence of the UASino 

(inositol-sensitive upstream activation sequence) element in the promoters of the genes 

that code for these enzymes (4, 6). The other protein, Cyb2p, cytochrome b2, catalyzes 

the conversion of lactate to pyruvate in the mitochondrial intermembrane space, and is 

required for growth when lactate is the only carbon source present (34). Thus, confirmed 

mitochondrial proteins are highly underrepresented in the subset with an abundance 

ratio < -1 (2 out of 21), given that 58 out of the 96 proteins (60%) in Table 1 belong to the 

mitop2 reference set. We conclude that either the expression of predominantly non-

mitochondrial proteins is increased under these conditions, or non-mitochondrial pro-

teins have a stronger tendency to co-purify with mitochondria after depletion of PC. 

Quantification of total cell lysates and comparison to mitochondrial preparations 

To clarify why non-mitochondrial proteins are relatively enriched in isolated mitochon-

dria after PC-depletion, quantification experiments were performed on total cell lysates. 

Figure 4A shows that in two experiments on individually prepared lysates A and B, 215 

proteins (out of 795 identified proteins) were found that exhibited a significant change in 

abundance (p < 0.05). These proteins are listed in Supplementary Tables 1 and 2. Pro-

teins with a 
2
log ratio < -1 in one of the datasets, corresponding to a more than two-fold 

increase in abundance after PC-depletion, are listed in Table 2. No proteins were found 

with a 
2
log ratio > 1, corresponding to a greater than two-fold decrease in abundance 

after PC-depletion. In particular, Ino1p levels were dramatically increased in response to 

PC-depletion, consistent with the Opi
-
 phenotype, i.e. the excretion of inositol, observed 

for the cho2opi3 strain under these conditions (6, 14). Only 64 proteins were found in 

both datasets (figure 4A), demonstrating that the peptide mixtures from the total lysates 

were too complex to allow for sequence determination of all peptides by the mass 

spectrometer. This is further illustrated by the finding that the number of peptides 

identified per protein in isolated mitochondria was usually higher than in total cell 

lysates (See Table 1 and Supplementary Tables 1 and 2). Still, a number of mitochondrial 

proteins could only be detected and quantified in the total cell lysate. Because most of 

these were small proteins, they were most likely better resolved on the gel system used 

for total lysates, resulting in the identification and quantification of more peptides. 

The 64 proteins found in both total cell lysates exhibited similar abundance ratios in 

both samples, as depicted in Figure 4B. However, when the abundance ratios of proteins 

identified in mitochondria were compared to those identified total lysates, a number of 

proteins demonstrated poor correlation (Figure 4C and Table 1). In particular, proteins 

that were not part of the mitop2 reference set were significantly enriched in isolated 
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mitochondria after PC-depletion. The selective enrichment of the non-mitochondrial 

proteins from the PC-depleted, 
14

N-containing, sample is remarkable since the light and 

heavy labeled yeast cells were mixed in equal ratios prior to the isolation of mitochon-

dria. Therefore, these proteins must already have been more tightly associated with the 

PC-depleted mitochondria prior to lysis. In contrast, the abundance ratios for confirmed 

mitochondrial proteins did not seem to be affected by the degree of purity of the mito-

chondria (Figure 4C, non-solid data points). Consequently, the ratios found for confirmed 

mitochondrial proteins in Table 1 were assumed to reflect the situation prior to cell lysis. 

    Total A   Total B   

Protein ORF 

Nr. of 

pep-

tides 

2
log 

(+C/-C) SD p-value 

Nr. of 

pep-

tides 

2
log 

(+C/-C) SD p-value Mito 

Ino1 YJL153C 4 -5.36 0.58 1.7E-02   5 -5.84 0.93 1.5E-04 - 

Hsp26 YBR072W 6 -3.50 0.22 1.0E-03   6 -2.50 0.34 9.6E-06 - 

Hsp12 YFL014W 6 -3.32 0.17 1.0E-03   5 -2.59 0.16 3.2E-06 - 

Pbi2 YNL015W 3 -2.77 0.23 2.3E-03           - 

Inh1 YDL181W           2 -2.11 0.15 3.3E-02 + 

Sam2 YDR502C 5 -1.78 0.83 8.5E-03   8 -2.16 0.34 3.8E-07 - 

Rpl40b YKR094C           6 -1.97 0.27 1.1E-05 - 

Tdh1 YJL052W           2 -1.96 0.07 1.7E-02 - 

Tim9 YEL020W-A 2 -2.29 0.22 4.4E-02   2 -1.61 0.11 3.1E-02 + 

Rtc3 YHR087W 3 -1.90 0.24 5.5E-03           - 

Sod1 YJR104C 9 -1.91 0.22 5.2E-09   10 -1.73 0.16 2.3E-06 + 

Smt3 YDR510W 3 -1.82 0.21 4.4E-03           - 

  YNR034W-A 5 -2.32 0.10 8.9E-07   2 -1.23 0.11 4.0E-02 - 

Rbl2 YOR265W 3 -1.75 0.26 7.2E-03           - 

Nhp6a YPR052C 3 -1.86 0.28 7.2E-03   3 -1.53 0.31 1.4E-02 - 

Nqm1 YGR043C           4 -1.56 0.42 4.9E-03 - 

Rps29b YDL061C 6 -1.52 0.30 6.3E-05   3 -1.34 0.10 1.8E-03 - 

Eno1 YGR254W 3 -1.38 0.16 4.4E-03   3 -1.33 0.17 5.5E-03 - 

Tim13 YGR181W 2 -1.32 0.06 1.9E-02           + 

Ald3 YMR169C 5 -1.23 0.29 7.0E-04           - 

Cox4 YGL187C 3 -1.17 0.15 5.2E-03           + 

Ygp1 YNL160W           4 -1.14 0.24 2.1E-02 - 

Atp15 YPL271W 2 -1.11 0.03 1.2E-02   3 -1.11 0.07 1.2E-03 + 

Rps29a YLR388W 5 -1.33 0.25 2.7E-04   3 -0.78 0.03 3.4E-04 - 

Cox6 YHR051W           3 -1.01 0.27 2.4E-02 + 

Zeo1 YOL109W 4 -1.13 0.34 7.0E-03   5 -0.76 0.28 3.7E-03 - 

Table 2: Proteins than become more than twice as abundant in total cell lysates after PC-depletion.  

2
log of the amount of protein in the presence of choline per amount of protein in the absence of choline in 

total lysates from two independent experiments (A & B). Only proteins that show a significant change in abun-

dance (p < 0.05) and a more than two-fold increase (
2
log ratio < -1) after PC-depletion are shown. For details 

see Table 1. 
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Figure 4: Non-mitochondrial proteins are specifically enriched in isolated mitochondria after PC-depletion. 

Quantitative proteomics was performed on isolated mitochondria and two total cell lysates (A and B) by com-

paring PC-depleted and non PC-depleted cells. The three datasets were obtained from independent biological 

experiments. (A) Distribution and overlap between datasets of the number of proteins that exhibited a signifi-

cant change (p < 0.05) in abundance. The number of proteins quantified per experiment is shown in parenthe-

ses. (B) Comparison of the abundance ratios (
2
log (+Cho / -Cho)) for proteins that showed a significant change 

in both the lysates A and B (n = 64). The error bars depict the standard deviation. Points on the diagonal line 

have the same ratio in both samples (C) Comparison of the abundance ratios for proteins that showed a signifi-

cant change in isolated mitochondria and in total lysate A (▲) or total lysate B (■). Proteins that were present 

in both total lysates are shown as two data points, resulting in 32 data points for 23 proteins (Table 1). Symbols 

representing confirmed mitochondrial proteins are non-solid. The error bars depict the standard deviation.  
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Discussion 

To elucidate which mitochondrial processes are affected by PC-depletion, the changes in 

the yeast mitochondrial proteome that occur under these conditions were investigated 

by metabolic labeling and mass spectrometry-based quantification. In addition, changes 

in the expression level of a large number of proteins were quantified in total cell lysates. 

Of the proteins whose expression is regulated at the level of transcription by the pres-

ence of a UASINO sequence in the promoter of their genes, three were quantified and 

their levels were found to increase substantially upon PC-depletion. These proteins were 

Psd1p, Ino1p, and Sam2p, one of the two S-adenosylmethionine synthases that produce 

the methyl donor for the synthesis of PC from PE. This is in excellent agreement with the 

observation that expression of these genes is increased when PC synthesis is impaired (4, 

35, 36). Therefore, it appears that metabolic labeling during choline deprivation of 

cho2opi3 cells is a reliable method to study changes in the yeast proteome under condi-

tions of PC-depletion. 

Remarkably, many proteins that are not part of the mitop2 reference set (33) were 

found to be enriched in isolated mitochondria after PC-depletion, while their expression 

levels in total cell lysates were hardly or not affected. According to the mitop2 database, 

many of these proteins, such as the plasma membrane proteins Pil1p and Lsp1p (37), the 

ribosomal proteins Ssa2p (38) and Tef1p (39), the soluble ER markers Kar2p and Pdi1p, 

and cytoskeletal actin (Act1p) have been identified before in large scale screens of the 

mitochondrial proteome, although they have another confirmed cellular localization. 

Therefore, it is presumed that these proteins are not mitochondrial proteins, and that 

they were co-purified with mitochondria. Enrichment of a non-mitochondrial protein in 

isolated mitochondria after PC-depletion has been observed before by Western blotting 

for Sec61p, an ER membrane marker protein (11). Since in the present study non-

mitochondrial proteins were enriched in PC-depleted mitochondria isolated from com-

bined lysates of yeast cells grown in the presence and absence of choline, the most 

obvious explanation is that their association with mitochondria was preexistent to the 

mixing and lysis of the cells. 

Contact sites between the ER and mitochondria are thought to be important in 

phospholipid transport (40, 41). This is supported by the finding that a subfraction of the 

ER that co-purifies with mitochondria, the so-called mitochondria associated membrane 

(MAM), is enriched in phosphatidylserine synthase (Cho1p) (42). Since PE levels are 

increased upon PC-depletion (14), we propose that contact sites become more abundant 

in order to supply PS to the increased amount of mitochondrial Psd1p for the production 
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of PE (41, 43). It has been suggested that PC is also imported in mitochondria via ER-

mitochondria contact sites (9), raising the possibility that the number of contact sites 

increases in an attempt to maintain mitochondrial PC levels. Unfortunately, the levels of 

phosphatidylserine synthase could not be quantified in this study to confirm increased 

association of the MAM with mitochondria under conditions of PC-depletion. 

Not only ER proteins co-purify with mitochondria, since also ribosomal and plasma 

membrane proteins were enriched in the mitochondrial fraction after PC-depletion. 

Possibly, they are attached to mitochondria indirectly, because they also contact the ER 

(40). Alternatively, they might associate directly with mitochondria under conditions of 

PC-depletion. The increased co-purification of actin upon PC-depletion points to an 

increased association of mitochondria to actin filaments, which are important for mito-

chondrial morphology, motility, and distribution (44). Interestingly, we have observed an 

altered morphology of yeast mitochondria after depriving cho2opi3 cells of choline for 12 

h (J. Gubbens et al., unpublished observations), similar to the morphology observed in 

mutants with defects in genes important for tubulation (45). This suggests that, while PC-

depleted mitochondria are able to bind to actin, their elongation into tubules might be 

affected. 

The experimental data indicated that abundance ratios found for confirmed mito-

chondrial proteins in isolated mitochondria do reflect the relative expression levels 

before cell lysis. Interestingly, Om45p, an N-terminally anchored non-essential mitochon-

drial outer membrane protein with unknown function (46), was found to become more 

abundant in mitochondria upon PC-depletion, which might point to an involvement in 

the formation of membrane contact sites of this abundant protein. In support of this 

speculation, an interaction of Om45p was found in a large-scale affinity capture screen 

with the COPI coat protein Sec27p, localized to the ER and the Golgi (47). 

Changes in the levels of other proteins during PC-depletion were also observed. In 

mitochondria, especially Cyb2p (cytochrome b2), which converts lactate to pyruvate and 

is therefore essential to utilize lactate as energy source (34), became more abundant. In 

addition, the levels of the cytochrome c oxidase subunits Cox4p and Cox6p, and the F1F0 

ATP synthase subunits Atp15p and Inh1p increased, as measured in total cell lysates. The 

superoxide dismutase Sod1p (48) and the mitochondrial NADH-cytochrome b5 reductase 

Mcr1p (49), both important in protecting the cell against oxidative damage, were found 

to become more abundant during PC-depletion in total cell lysates and mitochondria, 

respectively. Simultaneously, Tdh1p and Eno1p, which are cytosolic enzymes involved in 

glycolysis, became more abundant. The increased expression levels of these proteins 

could indicate that oxidative phosphorylation is affected by PC-depletion, consistent with 
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the formation of respiratory deficient petites that was observed when cells are unable to 

synthesize PC (4). 

Other mitochondrial proteins of which the expression level in total cell lysates in-

creased in response to PC-depletion are the chaperones Tim9p and Tim13p, which are 

involved in the transport of carrier proteins and protein channels across the intermem-

brane space to the TIM22 complex that catalyzes their insertion in the inner membrane 

(50). In contrast, levels of mitochondrial enzymes involved in amino acid metabolism 

such as Gcv1p, Gcv2p, Gcv3p, Arg8p, and Arg5,6p were reduced. Other non-

mitochondrial proteins that were found to become more abundant by PC-depletion in 

total cell lysates include the small heat shock proteins Hsp12p, a peripheral plasma 

membrane protein (51), and Hsp26p, that is localized in the nucleus or cytoplasm (52). 

Their expression was shown to be upregulated under a variety of stress conditions (53). 

In summary, at the level of mitochondria, depletion of PC seems to lead to oxidative 

stress, probably because of defects in the electron transport chain of oxidative phos-

phorylation, and to increased association to other organelles and actin. The identification 

of proteins that became more abundant upon PC-depletion may provide clues in further 

research into the exact role of PC in mitochondrial processes. 
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In this thesis, the application of new proteomic approaches in yeast mitochondria aimed 

at obtaining new insights in the organization of mitochondrial membranes is described. 

In Chapters 2 and 3 photocross-linking with photoactivatable lipid analogues was used to 

detect specific lipid-protein interactions, while in Chapter 5 lipid-protein interactions 

were investigated indirectly by measuring relative protein abundances during depletion 

of the major phospholipid phosphatidylcholine (PC). The results obtained using these 

two methods will be compared first. In Chapter 4, a gel separation approach was applied 

to yeast mitochondria to detect the presence of stable protein complexes in mitochon-

drial membranes. Interestingly, in contrast to results obtained previously for E. coli inner 

membranes (1), no stable integral membrane protein complexes were found in yeast 

mitochondria, indicating a difference in complex stability for these two systems. This 

result will be compared to results obtained previously using other gel separation meth-

ods, and the role of lipids in membrane protein complex stability will be discussed. 

Finally, the discovery of new membrane-associated proteins in yeast mitochondria will 

be discussed, as well as the implications of membrane association of these proteins for 

mitochondrial functioning. 

Detection of lipid-protein interactions 

Photoactivatable lipid analogues were employed to detect lipid-protein interactions in 

situ in the inner mitochondrial membrane of Saccharomyces cerevisiae. Instead of the 

incorporation of radiolabels for the detection of cross-link products (2, 3), the intrinsic 

UV absorbance of the lipid analogue ASA-PE (Chapter 2) or the attachment of a label via 

click chemistry (Chapter 3) was used for detection. The omission of radiolabels allowed 

for subsequent analysis of cross-linked proteins with mass spectrometry in a bottom-up 

based proteomics approach. Although the detection of ASA-PE cross-link products by 

their UV absorbance was fast and convenient, there were a couple of drawbacks such as 

background signals caused by the presence of heme or flavins, low signal intensity, and 

the fact that the cross-link products could not be selectively purified for their identifica-

tion. In contrast, incorporation of azides at the end of the acyl chains of the lipid ana-

logues for the attachment of an additional label by click chemistry, after photo-

crosslinking and solubilization, proved to be a convenient method for the detection of 

cross-link products with high specificity. A fluorescent rhodamine or a biotin group could 

be attached, for the detection or enrichment of cross-link products, respectively. Click 

chemistry, the Cu(I)-catalyzed 1,3-dipolar cycloaddition between an azide and a terminal 

alkyne, has been combined with a photoactivatable benzophenone moiety in multiple 
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studies to detect lectins, metalloproteases, and histone deacetylase complexes (4). The 

related Staudinger ligation (5), in which a phosphine is attached to an azide, has been 

used to attach a biotin moiety to farnesylated proteins that contain a metabolically 

incorporated azide (6), and has been proven to be compatible with photocross-linking 

using either a phenylazide or diazirine as photoactivatable moiety (7). In this thesis, we 

demonstrated that click chemistry can be combined with photolabeling with either 

benzophenone or phenylazide to detect PC-interacting proteins. 

Importantly, the lipid analogues should be correctly incorporated in the lipid bilayer 

to detect specific lipid-protein interactions. In Chapters 2 and 3, this was achieved by 

addition of the probes to inner mitochondrial membranes from an ethanol solution and 

subsequent centrifugation of the membranes through a sucrose layer to remove any 

non-incorporated lipid. The strongest evidence that the lipid analogues were correctly 

incorporated is the carbonate wash resistance acquired by peripheral membrane pro-

teins after cross-linking, despite the relatively short (C12) acyl chains of the probes. 

Moreover, peripheral membrane proteins were cross-linked from both the matrix side of 

the inner mitochondrial membrane, such as microsomal proteins and Ndi1p, and from 

the intermembrane space side, such as Gut2p and Nde1p. This indicated that the probes 

are able to flip and reach both leaflets of the mitochondrial inner membrane vesicles. 

Therefore, our method seems to be an excellent approach for the analysis of a phospho-

lipid-interacting proteome in vitro in an isolated membrane system. 

Another major concern in using lipid analogues for finding specific lipid-protein 

interactions is that the photoactivatable moiety interferes with the formation of specific 

interactions. Therefore the photoactivatable group should not be too large and not 

change the chemical properties of the lipid to a large extent (2). In this respect, it is 

interesting to compare the results obtained for the ASA-DLPE probe to the results ob-

tained for the PC analogues. Due to the coupling of azidosalicylic acid to the phosphati-

dylethanolamine (PE) headgroup via an amide bond in ASA-DLPE, a lipid is formed with a 

net negative charge, unlike PE which is zwitterionic. In contrast, phenylazide-PC and 

benzophenone-PC, which were used in Chapter 3, both contain a headgroup that more 

closely mimicks PC and is zwitterionic. Not surprisingly, anionic ASA-DLPE was able to 

cross-link to the positively charged protein cytochrome c in large unilamellar vesicles and 

its unfolded, more hydrophobic, precursor apo-cytochrome c. The zwitterionic PC ana-

logues were less effective in cross-linking cytochrome c in vesicles, but did cross-link to 

apo-cytochrome c, indicating that the headgroup charge is an important factor in finding 

polar lipid-protein interactions. 
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In inner mitochondrial membrane vesicles the difference in headgroup charge was 

reflected by the small overlap of proteins cross-linked by ASA-PE and phenylazide-PC, 

both containing a phenylazide moiety. Based on X-ray analysis of protein complexes 

containing phospholipids, the ligands in lipid binding pockets were found to primarily 

bind to the phosphodiester moiety in phospholipid headgroups (8). PC-binding pockets 

have less positively charged residues than pockets for anionic lipids, presumably to 

accommodate the positively charged ammonium group. Considering that the phosphodi-

ester was unaltered in all photoactivatable lipid analogues used in this thesis, they 

should be able to bind to these phospholipid binding pockets as long as the more bulky 

headgroup can be accommodated. The finding that especially phenylazide-PC primarily 

cross-links to subunits of the cytochrome bc1 complex directly adjacent to PC-binding 

pockets as found in its crystal structure (9, 10) indicates that PC is indeed readily substi-

tuted for by phenylazide-PC in this complex. Since there was a substantial overlap in the 

proteins cross-linked by phenylazide-PC and benzophenone-PC it is likely that the nature 

of the photoactivatable moiety is less important for binding specificity than the charge 

and structure of the total phospholipid. 

In Chapter 5, PC-protein interactions in yeast mitochondria were detected indirectly 

by measuring changes in protein expression levels in cho2opi3 cells deprived of choline, 

which is required for PC synthesis in this strain. There was hardly any overlap in the 

proteins found to be affected by PC-depletion and the proteins cross-linked by 

phenylazide-PC, for which a number of reasons can be given. First, the expression of PC-

binding proteins does not necessarily have to be affected by PC-depletion. Rather, it can 

be investigated whether their functioning is affected by the removal of PC. From the 

quantitative comparison of protein levels, indications for oxidative stress were found in 

PC-depleted cells, suggesting incorrect functioning of the oxidative phosphorylation 

complexes in the inner mitochondrial membrane. The cross-linking of subunits of the 

cytochrome bc1 and the cytochrome c oxidase complex by PC analogues suggests that 

these complexes are functionally dependent on PC-levels in the inner membrane. More-

over, Ndi1p and Nde1p, two of the NADH:ubiquinone oxidoreductases in yeast mito-

chondria that transfer electrons to ubiquinone for subsequent oxidation by the cyto-

chrome bc1 complex (11), are peripheral membrane proteins that were cross-linked to 

phenylazide-PC. Therefore their localization and functioning on the surface of the mem-

brane could be PC dependent. A combination of a PC-depletion approach and photocross

-linking with PC analogues might provide more details about how the membrane localiza-

tion and PC-binding of these proteins is affected under conditions of PC-depletion. 
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Additionally, oxidative stress levels in PC-depleted cells could be tested by measuring 

protein carbonylation levels (12). 

Second, an important difference between the two approaches is that during PC-

depletion the levels of the non-bilayer forming lipid PE are increased. To compensate for 

this, yeast cells change the acyl chain composition of their phospholipids to maintain 

proper membrane curvature (13). Still, the large increase in the level of a nonbilayer 

forming lipid may change the properties of the lipid-bilayer enough to cause morphologi-

cal changes in membrane proteins, dissociation from the membrane of peripheral 

membrane proteins, or instability of membrane protein complexes (14). Therefore, it is 

expected that a lot of secondary effects are observed in measuring relative protein 

expression levels under conditions of PC-depletion and that the proteins that have 

altered levels not necessarily interact directly with PC. 

A final reason for the different proteins found by photo-crosslinking and by measur-

ing expression differences under conditions of PC-depletion could be that not all pro-

teins, especially highly hydrophobic membrane proteins, are properly detected and 

quantified in both assays. Also photocross-linking was performed on mitochondrial inner 

membranes only. As a consequence, the overlap between both datasets is likely to be an 

underestimate. In conclusion, both photocross-linking and relative quantification of 

protein levels during PC-depletion are valid methods to find PC-dependent proteins, but 

fundamentally different types of interactions may be detected leading to only a small 

overlap between both datasets. 

Stability of protein-protein interactions in mitochondrial 

membranes 

Besides interactions with lipids, most membrane proteins in yeast mitochondria also 

have interactions with other proteins. In fact, almost all important mitochondrial mem-

brane proteins are organized into complexes or even supercomplexes of protein com-

plexes that are thought to aid multiple metabolic processes by decreasing the distance 

metabolites have to migrate (15, 16). Gel-based electrophoresis approaches such as blue 

native (BN)-SDS-PAGE have proven valuable in analyzing native complexes on a pro-

teome wide scale. In Chapter 4, an alternative gel-based approach called SDS-

trifluoroethanol (TFE)-SDS-PAGE was used that allowed for the identification of subunits 

from E. coli inner membrane protein complexes that are stable in SDS at room tempera-

ture, and are only dissociated in 25% (v/v) TFE (1). The observation that most of these 
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subunits were not detected after BN-SDS-PAGE separation of a similar sample (17) 

suggests that SDS-TFE-SDS-PAGE and BN-SDS-PAGE are at least partly complementary. 

Surprisingly, in yeast mitochondria only one protein was found to migrate differently 

after exposure to TFE. This protein, dihydrolipoamide dehydrogenase (Ldp1p), likely is a 

peripheral inner membrane protein since it was found to be cross-linked to both 

phenylazide-PC and benzophenone-PC in Chapter 3. The absence of other membrane 

proteins in yeast mitochondria that demonstrate SDS-stable interactions that are TFE 

treatment sensitive is in stark contrast to the results obtained for E. coli inner mem-

branes. As explained in Chapter 4, a possible reason for this difference is the reduced 

hydrophobicity of cytosolically synthesized mitochondrial proteins. In support of this 

view, β-D-dodecylmaltoside was found to be a better detergent for the solubilization of 

E. coli membrane proteins for BN-SDS-PAGE than the milder detergent digitonin, which is 

commonly employed for the solubilization of mitochondria (15, 17). In contrast, most 

mitochondrially encoded proteins are highly hydrophobic membrane proteins (18), 

raising the question why these are not detected in off-diagonal spots by the SDS-TFE-

SDS-PAGE approach. One of these proteins, Oli1p or subunit 9 of the F0 part of the F1F0 

ATP-synthase, forms a ring consisting of twelve identical subunits and has been found in 

an oligomeric form after BN-SDS-PAGE separation (19). This demonstrates that this part 

of the F0 complex is not dissociated by SDS at room temperature. However, this protein 

was not found in an off-diagonal spot in Chapter 4, possibly due to its small size of less 

than 8 kDa, causing it to migrate off the gel. 

Another consideration is the stabilizing effect lipids have on membrane protein 

complexes. Most non-annular lipids are located at contact sites between membrane 

protein complex subunits, suggesting an important role for these lipids in their associa-

tion (8). In bovine cytochrome c oxidase some subunits are dissociated upon removal of 

cardiolipin (CL) (20). Moreover, the formation of a supercomplex between the cyto-

chrome bc1 complex and cytochrome c oxidase in yeast mitochondria has been studied 

extensively and was found to require CL (21, 22). This dependence on CL has been 

subject of debate because of conflicting results in BN-SDS-PAGE and colorless native 

(CN)-SDS-PAGE studies. Based on CN-SDS-PAGE results in which the supercomplex 

remained largely intact even in the absence of CL, while this was not the case in BN-SDS-

PAGE (23), it was suggested that the anionic Coomassie dye in BN-SDS-PAGE more easily 

dissociates the CL-free supercomplex. However, it was later discovered that omission of 

digitonin from the CN-SDS-PAGE gel caused aggregation of the complexes, leading to 

incorrect results (21). This demonstrates that stability of complexes can heavily depend 
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on the presence of lipids, and that experimental conditions such as the choice of deter-

gent and its concentration has a profound influence on these interactions. 

It is not likely that the importance of such lipid-protein interactions in yeast mito-

chondria explains the absence of SDS-stable membrane protein complexes, since the 

addition of SDS would remove almost all lipids bound between protein complex subunits 

in both yeast and E. coli membranes. However, considering that PC-depleted yeast cells 

seem oxidatively stressed, potentially PC also has a role in maintaining the respiratory 

chain complexes and supercomplexes. A similar connection has recently been found for 

yeast cells containing no cardiolipin or a reduced level of cardiolipin with an altered acyl 

chain profile (24). These cells showed increased oxidative stress, possibly because of 

destabilization of the respiratory complexes and supercomplexes. Therefore it would be 

interesting to research cytochrome bc1-cytochrome c oxidase supercomplex stability in 

PC-depleted yeast mitochondria. 

Peripheral proteins of the inner mitochondrial membrane 

An interesting result in Chapters 2 and 3 is the cross-linking by ASA-DLPE and the photo-

activatable PC analogues of peripheral membrane proteins, which were not previously 

assigned as peripheral in yeast mitochondria. The implications for the function of a 

number of these proteins and protein complexes will be discussed here. 

The large subunit of mitochondrial ribosomes has been shown to interact with the C-

terminal region of Oxa1p to mediate the insertion of mitochondrially encoded proteins, 

which are almost all highly hydrophobic inner mitochondrial membrane proteins in yeast 

(25, 26). In Chapter 3, one of the proteins of the large subunit, Mrp7p, was found to be 

cross-linked by phenylazide-PC, indicating that at least this protein is in contact with the 

lipid-bilayer. Interestingly, in Chapter 2 enrichment of proteins of the small subunit of 

mitochondrial ribosomes (Rsm25p, Mrp13p, Mrps5p), but not of the large subunit 

(Mrpl17p, Mrpl22p), was found after cross-linking with ASA-DLPE and a carbonate wash. 

This suggests the existence of an interaction of the ribosomal small subunit with nega-

tively charged lipids in inner mitochondrial membranes. Indeed, in mammalian mito-

chondria an electrostatic interaction was found between ribosomes and the inner mem-

brane, because a large fraction of the mitochondrial ribosomes could be released from 

the membrane by high salt treatment (27). The interaction with the small subunit is not 

found by cross-linking by the zwitterionic PC analogues, consistent with the assumption 

that a different headgroup structure and charge indeed cause cross-linking to specific 

interaction partners. In mitochondria, electrostatic association of mitochondrial ri-
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bosomes to the inner membrane is probably useful to retain them on the membrane, 

even when not translating proteins. 

Cross-linking of phenylazide-PC to subunits of the homologous mitochondrial com-

plexes pyruvate dehydrogenase and/or α-ketogluterate dehydrogenase was also found. 

These enzyme complexes were described as membrane-associated in mammals and 

plants (28, 29), possibly through complex I. Complex I is not present in yeast mitochon-

dria that instead contain the peripheral NADH:quinone oxidoreductases Ndi1p on the 

matrix side of the inner membrane, and Nde1p and Nde2p on the intermembrane space 

side (11). Association of pyruvate dehydrogenase and α-ketogluterate dehydrogenase to 

the membrane would facilitate the transport of electrons through NADH generated by 

these complexes to Ndi1p, which was also found to be cross-linked to the PC analogues 

in Chapter 3, and subsequently to quinone. Similarly, Gut2p, the mitochondrial glycerol-

3-phosphate dehydrogenase, which donates electrons, liberated by the conversion of 

glycerol-3-phosphate to dehydroxyacetonephosphate, to quinone, was cross-linked by 

the PC analogues in Chapter 3. Gut2p has been found in a supramolecular complex 

together with, amongst others, Ndi1p, Nde2p and subunits of the cytochrome bc1 com-

plex (30), and was found to be inhibited by the NADH dehydrogenases Nde1p and 

Nde2p, probably via direct physical contact (31). 

The examples above demonstrate the possibility that the major enzymes or enzyme 

complexes in electron transport are in fact localized in close proximity to each other in or 

on the surface of inner mitochondrial membranes. This would extend the current belief 

that the respiratory complexes integral to the membrane form supercomplexes to also 

include peripheral membrane proteins. Cross-linking of PC analogues to a number of 

these proteins indicates a possible involvement of PC in the formation or maintenance of 

these interactions, consistent with the oxidative stress caused by PC-depletion. Further 

research into the exact nature of the interaction of PC with the individual proteins 

identified in this thesis will have to clarify the importance of PC in these membrane 

protein supercomplexes. 
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Al het leven is opgebouwd uit cellen omgeven door een membraan. Om te zorgen dat de 

stoffen in de cel niet zomaar naar buiten kunnen en stoffen van buiten de cel niet zo 

maar naar binnen, bestaat deze membraan uit een dubbele laag van vetachtige molecu-

len waarvan de meeste zogenaamde fosfolipiden zijn. Fosfolipiden zijn langwerpige 

moleculen die aan een uiteinde heel erg waterafstotend (hydrofoob) zijn, en aan het 

andere uiteinde juist waterminnend (hydrofiel). Door het vormen van een dubbele laag 

wijzen de hydrofobe uiteindes naar het midden van de membraan en de hydrofiele 

uiteindes ofwel naar de binnenkant van de cel ofwel naar buiten. Zo wordt een barrière 

gevormd, waar in water oplosbare stoffen niet of slecht door heen kunnen. Veel biologi-

sche cellen bevatten ook interne membranen die verschillende delen van de cel van 

elkaar afscheiden. Hierdoor kunnen in verschillende compartimenten bijvoorbeeld 

speciale chemische reacties plaatsvinden of bepaalde stoffen worden opgeslagen. 

Uiteraard moeten bepaalde stoffen of signalen door de membraan getransporteerd 

kunnen worden. In vrijwel alle gevallen wordt dit mogelijk gemaakt door specifieke 

eiwitten die door de membraan heen steken. Deze eiwitten worden dan ook transmem-

braaneiwitten genoemd. Er zijn echter ook perifere membraaneiwitten die zich bevinden 

op het oppervlak van de membraan of maar voor een klein stukje in de membraan 

steken. Deze eiwitten werken vaak samen met transmembraaneiwitten of zorgen ervoor 

dat bepaalde reacties aan het oppervlak van de membraan kunnen plaatsvinden. Uit het 

feit dat ongeveer 30% van de op dit moment bekende genen codeert voor een mem-

braaneiwit kan worden afgeleid dat dit soort eiwitten belangrijk zijn voor elke cel en 

bijzonder veel verschillende functies uitvoeren. 

Om door de membraan heen te steken hebben transmembraaneiwitten gedeelten 

die erg hydrofoob zijn. Dit maakt het bestuderen van zulk soort eiwitten erg lastig omdat 

ze in de meeste gevallen alleen oplosbaar zijn te maken in water door het toevoegen van 

speciale zepen of detergentia. Helaas bemoeilijken deze zepen weer veel analyses. 

Perifere membraaneiwitten zijn vaak wel in water oplosbaar. Dat maakt het echter lastig 

om vast te stellen welke eiwitten perifere membraaneiwitten zijn, omdat ze eenvoudig 

van het oppervlak van de membraan zijn af te wassen. 

In dit proefschrift worden nieuwe methoden beschreven om membraaneiwitten en 

hun interactie met de fosfolipiden in de membraan te onderzoeken. Het betreft metho-

den die gebruikt kunnen worden om een grote groep eiwitten tegelijkertijd te bestude-

ren en, in deze groep, eiwitten met een bepaalde eigenschap te identificeren. Dit soort 
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onderzoek wordt in het Engels vaak aangeduid met de term ‘proteomics’. De methoden 

zijn ontwikkeld en uitgevoerd in het modelorganisme bakkersgist (Latijnse naam: Saccha-

romyces cerevisiae), en dan specifiek op de membranen van één compartiment: het 

mitochondrion. Dit compartiment is gekozen omdat het meerdere functies in zich vere-

nigt en omgeven is door twee membranen, waarvan de binnenste membraan bijzonder 

veel eiwitten bevat die onder andere een belangrijke rol spelen in de energiehuishouding 

van de cel. Bovendien is er al veel bekend over de eiwitten in de membranen van dit 

compartiment zodat de resultaten van de nieuwe methoden goed vergeleken konden 

worden met al bekende gegevens. 

In hoofdstuk 2 wordt een methode ontwikkeld om eiwitten te detecteren die een 

interactie aangaan met het oppervlak van de membraan. Daarvoor werd gebruik ge-

maakt van een speciaal membraanfosfolipide (ASA-DLPE) dat aan zijn hydrofiele kant 

geactiveerd kan worden onder de invloed van UV licht. Op het moment dat dit gebeurt 

zal dit molecuul zo snel mogelijk een verbinding maken met een willekeurig aangrenzend 

molecuul, waaronder mogelijk eiwitten. Om de methode te testen werden eerst experi-

menten uitgevoerd in een modelsysteem van zelfgemaakte membranen en het eiwit 

cytochroom c, een perifeer membraaneiwit van de mitochondriële binnenmembraan. Na 

activering met UV licht bleek het eiwit niet meer eenvoudig van de membraan af te 

wassen en was het dus als het ware verankerd aan de membraan. Met behulp van een 

massaspectrometer kon worden aangetoond dat een nieuw molecuul was gevormd 

bestaande uit het eiwit cytochroom c en het foto-activeerbare membraanfosfolipide. 

Nader onderzoek wees uit dat dit molecuul zelfs na activering nog goed UV licht absor-

beerde en dat deze eigenschap gebruikt kon worden om een eiwit gekoppeld aan het 

geactiveerde fosfolipide te detecteren. Met behulp van deze detectiemethode werd 

vervolgens onderzocht welke eiwitten van de mitochondriële binnenmembraan gekop-

peld konden worden aan het foto-activeerbare molecuul. Vooral één transmembraanei-

wit, genaamd Pet9p, bleek goed te worden gekoppeld. Bovendien bleken meerdere 

perifere membraaneiwitten minder goed afwasbaar na activering van het speciale 

membraanfosfolipide met UV licht, wat impliceert dat deze eiwitten werden verankerd 

aan de membraan. 

Hoewel veelbelovend, kleefden er toch een paar nadelen aan deze methode. Zo was 

de detectie niet altijd specifiek voor gekoppelde eiwitten en bleek de identificatie van de 

eiwitten lastig door de aanwezigheid van een grote hoeveelheid niet-gekoppelde eiwit-

ten. Om de strategie te verbeteren, werd in hoofdstuk 3 gebruik gemaakt van nieuw 

ontworpen foto-activeerbare fosfolipiden die naast een groep die activeerbaar was met 

UV licht aan de hydrofiele kant, ook een klein label bevatten aan de hydrofobe kant. Dit 
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kleine label kon zonder probleem worden ingebouwd in de hydrofobe kern van de 

membraan en kon worden gebruikt voor het koppelen van signaalmoleculen aan het 

lipide voor detectie of zuivering van gekoppelde eiwitten na UV activering. Bovendien 

werd de structuur aan de hydrofiele kant van het speciale fosfolipide veranderd om 

meer te lijken op fosfatidylcholine, een veel voorkomend natuurlijk membraanlipide. 

Daarnaast werden twee, chemisch verschillende, groepen getest die activeerbaar zijn 

met UV licht. Beide foto-activeerbare fosfolipiden werden geactiveerd, na inbouw in 

mitochondriële binnenmembranen, en de gekoppelde eiwitten werden zichtbaar ge-

maakt door een fluorescerend molecuul vast te maken aan het kleine label in het lipide. 

Het bleek dat beide activeerbare groepen koppelden aan sets van verschillende eiwitten 

met een duidelijke onderlinge overlap. Door het koppelen van een biotine molecuul aan 

het kleine label konden de gekoppelde eiwitten worden gezuiverd en vervolgens geïden-

tificeerd met massaspectrometrie. Inderdaad werd overlap gevonden tussen de eiwitten 

gekoppeld door beide foto-activeerbare groepen. Er werden o.a. eiwitten geïdentificeerd 

waarvan al bekend was dat ze een sterke interactie aangaan met fosfatidylcholine. Maar 

ook werden potentiële nieuwe interactiepartners van fosfatidylcholine gevonden. Toe-

komstig onderzoek zal moeten uitwijzen of de gevonden interacties belangrijk zijn voor 

de functie van deze eiwitten. 

In hoofdstuk 4 wordt de aandacht verlegd naar de interacties van membraaneiwitten 

onderling, omdat veel membraaneiwitten vaak deel uitmaken van grotere complexen 

van eiwitten. In onderzoek aan de bacterie E. coli was eerder gevonden dat een aantal 

van deze complexen bijzonder stabiel is en niet uit elkaar valt onder omstandigheden die 

normaal gesproken gebruikt worden om eiwitcomplexen te scheiden. Om deze com-

plexen alsnog te analyseren is een alternatieve aanpak ontwikkeld in E. coli die in hoofd-

stuk 4 werd toegepast op mitochondriële membranen van gist. Onverwachts was in dit 

systeem slechts één eiwit gevoelig voor deze aanpak. Dit eiwit maakt deel uit van een 

groot eiwitcomplex dat gekoppeld kon worden aan het foto-activeerbare fosfatidylcholi-

ne in hoofdstuk 3 en daarom waarschijnlijk een perifeer membraaneiwitcomplex is. Als 

mogelijke verklaring voor het verdere ontbreken van zeer stabiele membraaneiwitcom-

plexen in mitochondriële membranen, en dan met name complexen met transmem-

braaneiwitten, kan worden aangevoerd dat mitochondriële transmembraaneiwitten vaak 

minder hydrofoob zijn dan andere transmembraaneiwitten en daarom mogelijk makkelij-

ker te scheiden zijn. 

Om functionele interacties tussen membraaneiwitten en fosfatidylcholine te onder-

zoeken, werden in hoofdstuk 5 de gevolgen bestudeerd van het verlagen van het gehalte 

van fosfatidylcholine in alle membranen van gist. Na het terugbrengen van de hoeveel-
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heid van dit membraanlipide bleek de aanwezigheid van een aantal eiwitten verhoogd, 

waaronder eiwitten betrokken bij het aanmaken van membraanlipiden, maar ook eiwit-

ten die betrokken zijn bij oxidatieve stress. Dit zou kunnen betekenen dat de energie-

huishouding in het mitochondrion niet meer correct functioneert, mogelijk door instabili-

teit van een aantal belangrijke eiwitcomplexen in de mitochondriële binnenmembraan. 

Een andere belangrijke waarneming was dat de hoeveelheid van een aantal niet-

mitochondriële eiwitten in de gezuiverde mitochondriële fractie toenam, terwijl de 

totale hoeveelheid van deze eiwitten niet of nauwelijks veranderde. De meest logische 

verklaring hiervoor is dat na het verlagen van het gehalte aan fosfatidylcholine andere 

structuren in de gistcel meer aan de mitochondriën blijven plakken. Mogelijk probeert de 

cel via deze contacten het fosfatidylcholine-niveau in de mitochondriële membranen te 

herstellen. 

Samenvattend blijkt dat de nieuwe methoden beschreven in dit proefschrift onder-

zoek aan een grote groep eiwitten tegelijkertijd mogelijk maken, zelfs als het hydrofobe 

membraaneiwitten betreft. De nieuwe methoden zouden ook in andere membranen dan 

de mitochondriële membranen en in andere organismen kunnen worden toegepast, wat 

mogelijk tot verassend verschillende resultaten kan leiden. In bakkersgist hebben de 

nieuwe methoden geleid tot nieuwe inzichten in de precieze structuur van mitochondrië-

le membranen, zowel in de interacties tussen eiwitten en fosfolipiden als in de interac-

ties tussen eiwitten onderling. 



 139 

Dankwoord 

Nu ik dan toch echt eindelijk de laatste woorden van mijn proefschrift aan het schrijven 

ben, moet ik terugdenken aan al die momenten, mooie maar ook lastige, die ik heb 

beleefd gedurende mijn AiO bestaan. Behalve een hele hoop proeven bevatten die 

herinneringen ook vele personen, zonder wie dit boekje er natuurlijk nooit was geko-

men. Graag wil ik deze laatste pagina’s gebruiken om al deze mensen te bedanken. 

Allereerst mijn co-promotor: Toon. Ik heb onze samenwerking altijd zeer gewaar-

deerd. Mede door je goede suggesties en zorgvuldige correcties is dit proefschrift gewor-

den tot wat het nu is. Hoewel er gedurende de jaren van mijn promotie onderzoek het 

nodige is voorgevallen en je aandacht regelmatig werd opgeslokt door beslommeringen 

rondom je aanstelling, ben je je blijven inzetten om mijn project tot een succes te ma-

ken. Daarvoor van harte bedankt. Ik hoop dat je op je nieuwe plek op Noord bij de 

membraan enzymologen je onderzoek voort kunt zetten en tegelijkertijd nieuwe lijnen 

kunt opstarten. Ik wens je hierbij veel succes. Ook Ben, mijn promotor, moet ik bedan-

ken voor zijn tomeloze enthousiasme, scherpe geest en zijn vermogen om elk onderzoek 

en elke discussie weer op de hoofdlijn terug te brengen, ook al dwaalde ik er zo graag 

nog wel eens vanaf. Ik vind het een eer om je 50
e
 promovendus te mogen zijn. 

Niet alleen Ben en Toon hebben een bijdrage geleverd aan mijn onderzoek. Ik wil 

graag Monique, Rob en Dirk bedanken voor hun input. De bijeenkomsten voor de NPC 

2.8 discussies op de kamer van Rob leverden vaak nuttige nieuwe ideeën op en waren 

altijd bijzonder gezellig. Door jullie heb ik de nodige experimenten kunnen uitvoeren bij 

Chemical Biology & Medicinal Chemistry en bij Biomolecular Mass Spectrometry. Laur-

ence and Eelco, thank you for synthesizing all those photoactivatable compounds. The 

research described in Chapter 3 of this thesis wouldn’t have been possible without these 

lipids and I know how hard it was to synthesize them. Pieter V., jij hebt voor je bachelor 

stage een bijdrage kunnen leveren aan Hoofdstuk 2, wat je toch maar mooi een co-

auteurschap heeft opgeleverd. Veel succes met je promotie onderzoek bij Farmacie. 

Pieter R., van jou heb ik de fijne kneepjes van de mito zuivering mogen leren en ik kon bij 

jou altijd terecht voor een goede discussie, niet altijd wetenschapsgerelateerd natuurlijk. 

Eelco en Tania, bedankt voor jullie hulp bij het bedienen van de medchem HPLC. Bij 

massa spectrometrie hebben vele mensen een bijdrage geleverd en metingen voor mij 

uitgevoerd. In het bijzonder wil ik Mirjam bedanken die mij heeft geleerd hoe te digeste-

ren, hoe de MALDI-TOF te bedienen en die de nodige LC-MS/MS samples voor mij heeft 

gemeten. Ook kon jij de waslijst aan vragen beantwoorden, die ik elke keer weer wist te 
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verzinnen. Martina, Maarten, Nadia, Sharon, Shabaz, and Soenita also measured some of 

my numerous samples, thank you. Henk, bedankt voor je hulp bij het bedienen van 

MSQuant en het converteren van alle bestanden zodat het programma mijn data toch 

kon inlezen. Bovendien zouden de HUPO in Long Beach en de masterclass in Groningen 

lang niet zo gezellig zijn geweest zonder al die collega’s van massa spectrometrie. 

Ik heb de afgelopen jaren met vele mensen mijn werkkamer mogen delen. Bianca, 

Edgar, Vincent, Andrea, Erica, Tania, Nick, Yvonne en Lucie bedankt voor die mooie tijd. 

Een blik op ‘de muur’ van Vincent leerde me toch altijd weer dat er een hele wereld 

bestond, waarvan ik het bestaan niet eens kon vermoeden. Ondanks je verwoede pogin-

gen (met partner in crime Robert) is het helaas niet gelukt het Bingo FM virus op mij te 

laten overslaan. Op dit punt ben ik natuurlijk mede ABP oprichters Eefjan en Robin dank 

verschuldigd. Erica en Tania, jullie organisatiewoede heeft tot mooie uitstapjes geleid. Ik 

zal de picknick, het kanoën, de labetentjes, waarvoor jullie toch de eerste aanzet hebben 

gegeven, en alle andere feestje niet snel vergeten. De carnavalstrip naar Keulen werd 

georganiseerd door Andrea, die helaas op het laatste moment door een vallende kast 

niet zelf mee kon. Toch bedankt, ik denk dat de foto’s nog wel een paar keer zullen 

opduiken. Yvonne, Jacques en Cedric hebben op deze reis en andere uitjes ook een 

belangrijke bijdrage geleverd aan de feestvreugde. Mede AiO’s Els, Henry, Hester, Suat 

en Diana heb ik nog niet genoemd, jullie ook bedankt voor de fijne jaren bij BvM. Dit 

geldt natuurlijk ook voor alle postdocs die kortere of langere tijd (Chris, Lucie, Robert, 

Maarten, Irene H., Inge, Thomas en Mobeen) bij BvM hebben gewerkt. Voor het draaien-

de houden van een lab zijn goede analisten onmisbaar: Martijn, Mandy, Rutger en 

Marlies het was fijn om met jullie samen te werken. Ook Dick, Irene van D. en Antoinette 

bedankt voor het repareren en regelen van vele zaken. 

Een andere groep mensen die hier niet mag ontbreken zijn alle medewerkers van 

membraan enzymologie. Als verdiepinggenoten in het Kruyt waren jullie bijzonder goede 

buren waar mooie roze feestjes mee gevierd konden worden. Bedankt ook voor het mij 

welkom laten voelen na de verhuizing van Toon en Cedric. Ook al heb ik nooit echt deel 

mogen uitmaken van jullie groep, ik voelde me er toch meteen thuis. Verder ben ik een 

aantal jaren lid geweest van de AiO commissie van het Bijvoet center en wil ik iedereen 

die in de loop van die jaren lid is geweest van de commissie bedanken voor de fijne 

samenwerking. Binnen het IB heb ik ook deelgenomen aan de nodige activiteiten en wil 

daarom iedereen die ik op die gelegenheden heb ontmoet bedanken. 

Buiten de universiteit heb ik veel tijd doorgebracht met mijn jaarclub: Bas, Mark, 

Scato, Adriaan en Willem bedankt voor alle avonden, feestjes, vakanties en kleintjes, 

zelfs al ‘zijn het mijn vrienden niet.’ Vooral met ‘mede-AiO’ Mark en ‘de eeuwige student 
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die naar het schijnt nu toch echt is afgestudeerd’ Bas heb ik erg veel avonden doorge-

bracht met altijd een verse aflevering van Family Guy of The Simpsons van het net en bij 

jullie kon ik de nodige frustraties / verhalen kwijt over het AiO-bestaan. Ik ben daarom 

blij dat jullie mijn paranimf wilden zijn. Verder heb ik met oud-huisgenoten Michiel en 

Habib tot in de late uurtjes o.a. Hilversum en Stavanger onveilig gemaakt.  

Pap en Mam, bedankt voor al jullie steun. Hoewel jullie als analist vele mensen in het 

verleden hun promotie onderzoek hebben zien voltooien, moet het toch heel anders zijn 

als jullie eigen zoon er mee bezig is. Oma Selma, Ronald en Ingeborg (en Sofie) bedankt 

voor jullie support. Karin, jou ontmoette ik toen het proefschrift al praktisch af was. Toch 

heb je maar mooi je stempel op de kaft kunnen drukken. Bedankt voor je steun en liefde 

gedurende de laatste paar maanden. Ik hoop dat ik voor jou hetzelfde kan betekenen in 

de afronding van jouw proefschrift. 

 

Jacob 
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Abbreviations 

ASA-DLPE N-(4-azidosalicylamidyl)-1,2-dilauroyl-sn-glycero-3-phosphoethanol-

amine 

CL Cardiolipin 

DAG Diacylglycerol 

EDTA ethylenediaminetetraacetic acid  

ER Endoplasmic reticulum 

ESI electrospray ionization  

HEPES N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid 

HFIP 1,1,1,3,3,3-hexafluoroisopropanol 

HRP horsh radish peroxidase  

IEF isoelectric focusing  

IMV inner mitochondrial membrane vesicle 

LC-MS/MS Liquid chromatography-tandem mass spectrometry 

LDS Lithium dodecyl sulfate 

LUVET Large unilamellar vesicle obtained by extrusion technology 

MALDI Matrix-assisted laser desorption ionization 

MES 4-morpholineethanesulfonic acid 

PA Phosphatidic acid 

PAGE Polyacrylamide gel electrophoresis 

PC Phosphatidylcholine 

PE Phosphatidylethanolamine 

PG Phosphatidylglycerol 

PI Phosphatidylinositol 

PMSF phenylmethanesulfonyl fluoride  

PS Phosphatidylserine 

SDS Sodium dodecyl sulfate 

SGD Saccharomyces genome database (http://www.yeastgenome.org) 

TFE Trifluoroethanol 

TRIS Trishydroxymethylaminomethane 

TID 3-Trifluoromethyl-3-[
125

I]aryldiazerine 

TOF Time-of-flight 


