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Photolabeling Identifies an Interaction between Phosphatidylcholine and
Glycerol-3-phosphate Dehydrogenase (Gut2p) in Yeast Mitochondria
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ABSTRACT. In search of mitochondrial proteins interacting with phosphatidylcholine (PC), a photolabeling
approach was applied, in which photoactivatable probes were incorporated into isolated yeast mitochondria.
Only a limited number of proteins were labeled upon photoactivation, using either the PC analogue
[2A]TID-PC or the small hydrophobic prob&?fl]TID-BE. The most prominent difference was the very
specific labeling of a 70 kDa protein by2fl]TID-PC. Mass spectrometric analysis of a tryptic digest of

the corresponding 2D-gel spot identified the protein as@T2 gene product, the FAD-dependent
mitochondrial glycerol-3-phosphate dehydrogenase. This was confirmed by the lack of specific labeling
in mitochondria from gut2deletion strain. Only under conditions where the inner membrane was accessible
to the probe, Gut2p was labeled BY]TID-PC, in parallel with increased labeling of the phosphate
carrier (RC) in the inner membrane. A hemagglutinin-tagged version of Gut2p was shown to be membrane-
bound. Carbonate extraction released the protein from the membrane, whereas a high concentration of
NaCl did not, demonstrating that Gut2p is a peripheral membrane protein bound to the inner membrane
via hydrophobic interactions. The significance of the observed interactions between Gut2p and PC is

discussed.

Phosphatidylcholine (P€)s a major phospholipid found
in membranes of eukaryotic cells. As in higher eukaryotes,
PC is synthesized via two distinct pathways in yeast, either
via the triple methylation of phosphatidylethanolamine (PE)
or via the CDP-choline (Kennedy) pathway [for reviews, see
(1, 2)]. In yeast, the methylation of PE is the primary pathway
of biosynthesis of PC when cells are grown in the absence
of choline, whereas the CDP-choline pathway is an auxiliary
route requiring exogenous choline for net PC synthe®is (

T This research was supported by the Netherlands Division of
Chemical Sciences (CW) with financial aid from the Netherlands
Organization for Scientific Research (NWO).

* Corresponding author. Tel:+31 302533424; Fax:+31 30
2522478; E-mail: aipm.dekroon@chem.uu.nl.

* Institute of Biomembranes, Utrecht University.

§ Present address: MRC Laboratory of Molecular Biology, Hills Rd.,
Cambridge, CB2 2QH, U.K.

' Center for Proteome Analysis, University of Southern Denmark.

U Department of Molecular Biology, University of Southern Den-
mark.

#Present address: The Australian Proteome Analysis Facility,
Macquarie University, Sydney NSW 2109, Australia.

! Abbreviations: FCCRp-trifluoromethoxycarbonyl cyanide phenyl-
hydrazine; GUT, glycerol utilization; IEF, isoelectric focusing; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NEPH-
GE, nonequilibrium pH gradient electrophoresis; PAGE, polyacrylamide
gel electrophoresis; PC, phosphatidylcholine; PCR, polymerase chain
reaction; FC, phosphate carrier; PMS, phenazine methosulfate; SDS,
sodium dodecyl sulfate; TID, 3-(trifluoromethyl)-3-phenyldiazirine;
TCA, trichloroacetic acid; ] TID-BE, benzoic acid [2-}?]iodo-4-
((trifluoromethyl)-H-diazirin)benzyl] ester;PA]TID-PC, 1-O-hexa-
decanoyl-20-[9-[[[2-[ **3]iodo-4-((trifluoromethyl)-3H-diazirin-3-yl)-
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PC is also a major constituent phospholipid of both
mitochondrial membranes, representing-%0% of the total
mitochondrial phospholipid contend)( The biogenesis of
mitochondria requires efficient import of PC from its site of
synthesis, the endoplasmic reticulum. Several mutant strains
with defects in the routes of biosynthesis of PC have the
tendency to generate respiratory-deficient petites at high
frequency §), suggesting that PC is required for proper
mitochondrial function, biogenesis, or maintenance. The basis
for such a requirement is unknown. One possibility is that
PC is required to maintain the barrier properties of the
mitochondrial membranes, but it is more likely that specific
PC—protein interactions are involved. The molecular interac-
tions of exposure of membrane proteins to the surrounding
lipids may have functional implications which are currently
unknown.

Little, if anything, is known about interactions between
PC and proteins in yeast mitochondria. Using the classical
approach to gain information on lipigbrotein interactions,
i.e., by studying purified proteins in reconstituted systems,
it has been shown that the mammalian mitochondrial enzyme
p-hydroxybutyrate dehydrogenase is dependent on PC for
activity in vitro (6). In a quest for yeast mitochondrial
proteins interacting with PC, a photolabeling strategy is used
in situ in the present study. This might allow the identifica-
tion of proteins with a specific interaction with PC and
generate knowledge on the specific role of PC in yeast
mitochondria.
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Ficure 1: Mechanism of photoactivation and structures'&f][TID-
based photoactivatable reagents. (A) Photoactivation of #HE|D
reactive group; (B) the structure dffi]TID-BE; (C) the structure
of [*23]TID-PC.
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Table 1: Genotypes of Strains Employed in This Study

strain genotype
D273-10B MATa
W303-1A ade 2-2 his3-11 trp1-1 ura3-1 can100

W303-1Agut2A ade 2-2 his3-11 trp1-1 ura3-1 can100
gut2::URA3

BY4742 MATa his3A1 leu2A0 lys2A0 ura3A

Isolation of Mitochondria and Other Subcellular Frac-
tions. The yeast strains listed in Table 1 were grown
aerobically to late-log phase [OD600 4-5 (Perkin-Elmer
Lambda 18 UV/VIS spectrophotometer)] at 30 in semi-
synthetic lactate mediumiy). For the auxotrophic strains,
the medium was supplemented with adenine, histidine, lysine,
leucine, tryptophan, and uracil at concentrations of 20 mg/L
each, as required. Spheroplasts were prepared using zy-
molyase as described previousil and homogenized using
a Dounce homogenizer in a buffer containing 10 mM MES,
pH 6.0, and 0.6 M sorbitol (D buffer), to which 1 mM
phenylmethylsulfonyl fluoride and 0.5% (w/v) dextrai(

40 000) were addedl®). The isolation and purification of
mitochondria using Nycodenz gradient centrifugation were

Photolabeling techniques make use of reagents, which,pased on published proceduréd, (13, 14) as describedlQ).
after targeting to a biological system or component, can be The final mitochondrial pellet was resuspended in 20 mM

activated with UV light, forming highly reactive intermedi-

Hepes/KOH, pH 7.4, containing 0.6 M sorbitol (H/S buffer)

ates capable of forming covalent bonds with adjacent jnq|yding 59% (wiv) dextran. Mitochondrial outer membranes
molecules 7). Generally, hydrophobic photolabeling probes 5,4 microsomes were isolated as descritig). (All sub-

are used to study the exposure of proteins to the apolar coreqg||y|ar fractions were frozen in liquid Nand stored at-80

of membranes8). Phospholipid analogues offer an additional ¢ 5nd thawed (on ice) only once before use. All samples
advantage since specific interactions of proteins with phos- yare kept on ice unless indicated otherwise.

pholipids can be monitored and identified. Recently, such

Preparation of Radioiodinated Photo-Cross-Linking Probes.

probes were successfully applied to investigate the exposurerpe hydrophobic photoactivatable proB&|TID-BE (Fig-
of SecA to phospholipid acyl chains in (proteo)liposomes |, e 1B) and the photoactivatable phospholigfdi[TID-PC

9).

(Figure 1C) were prepared by radioiododestannylation of the

In the present study, yeast mitochondrial membranes arejjn_pased precursors as describekdj(and (7), respectively],
photolabeled with probes based on radioiodinated 3-tri- \yith minor changes. All steps were performed at room

fluoromethyl-3-aryldiazirine £9]TID) which forms a reac-

temperature under normal laboratory light. Briefly,~Z80

tive carbene upon photolysis (Figure 1A), and which was ymo| of the precursors was drieda 1 mL ‘reactivial’ under

developed by Brunner and co-workerg, (10). Upon

a stream of nitrogen and redissolved ingll0of acetic acid.

comparing protein labeling patterns of mitochondrial mem- agter addition of 2-5 mCi of N&3, the reaction was started
branes photolabeled with the simple hydrophobic probe by adding 5uL of peracetic acid (Sigma). After 2 min, the

[*?Y]TID-BE (Figure 1B) and the PC analogué”J|TID-

reaction was stopped by addition of 100 of 10% (w/v)

PC (Figure 1C), several similarities as well as distinct n5.5,0.. The reaction mixture containind?fi]TID-BE was
differences were found. The most conspicuous difference wasgytracted with chloroform and'¥]TID-BE was further

the specific labeling by'f3]TID-PC of a 70 kDa protein,
which was identified as th&UT2 gene product, the FAD-

purified by HP-TLC using ether/hexane (9:1, v/v) as eluent.
The radioactive spot containing?fi]TID-BE was scraped

dependent mitochondrial glycerol-3-phosphate dehydrogen-qff and the product was eluted with ethanol and stored at 4
ase. The submitochondrial localization of Gut2p was deter- . The reaction mixture containing!2f]TID-PC was

mined. The significance of the interaction between Gut2p qyiracted with chloroform/methanol (2:1, viv), aR@TID-

and PC will be discussed.

EXPERIMENTAL PROCEDURES

Materials. The radiochemical N&1 (2000 Ci/mmol, 356
600 mCi/mL in NaOH) was obtained from Amersham
(Amersham, United Kingdom) or from ICN (Irvine, CA).
The tin-based precursors fdffi]TID-BE and [**4]TID-PC
were a kind gift from Dr. Josef Brunner (ETH, #ch).

PC was purified by HP-TLC using chloroform/methanol/
water (65:25:4, v/vlv) as eluent. The radioactive spot
containing [?A]TID-PC was scraped off, and the product
was eluted with chloroform/methanol (2:1, v/v) and stored
at4°C.
Labeling of Mitochondrial Membranes with Photo-

activatable ProbesSolutions of the photoactivatable probes
in ethanol, at a concentration ofyCi/ulL for [**A]TID-BE

Zymolyase was obtained from Seikagaku (Japan). ‘Reac-and of -5 uCi/uL for [**J]TID-PC (with 1 uCi corre-

tivials’ were from Pierce (Rockford, IL). Mouse monoclonal

sponding to 0.5 pmol of probe), were prepared by drying

antibodies raised against the hemagglutinin epitope werethe probes and redissolving in ethanol. For photolabeling,
from Boehringer, and the antibiotic G418 was from Calbio- these solutions were injected into H/S buffer-(8 uL of

chem. All other chemicals were analytical grade.

ethanolic solution/mL of buffer) containing either mitochon-
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dria, mitoplasts, or mitochondrial outer membranes, under specific for the Gut2p activity since no activity was found
stirring on ice. Aliquots of this suspension were incubated in fractions from the W303-1Aut2 knock-out strain in the

for the indicated times at the indicated temperatures. presence or absence of FAD. The increase in extinction at
Alternatively, aliquots of the suspension were immediately 562 nm was monitored for 10 min after the addition of the
mixed (on ice) with an equal volume of H/S buffer containing protein sample. Activities were calculated from the slope,
extra ingredients such as FCCP or NADH, prior to incuba- using an extinction coefficient for reduced MTT of 8.1 mM
tion, to investigate the effect of these additives. Thus, cmt. The numbers were corrected for background activity

different conditions were examined in parallel starting from py repeating each measurement in the absence of glycerol
the same sample. In all experiments, the final incubation 3-phosphate.

volume of each sample was 10Q., and a final protein
concentration of 100250 ug/mL was used. NADH and
potassium phosphate (KFQO,) were used at a concentration
of 2 mM, and FCCP was added from a stock solution in
ethanol to final concentrations of 20M. The final ethanol
concentration never exceeded 1% (v/v). After incubation, the
samples (in eppendorf cups) were placed on ice and

photolyzed immediately by irradiation with a 15 W UV light ~ ~
source (CAMAC universal lamp) at 366 nm for 2 min at a S-AC TTG AAA AAA CTG TGA ACT TCA TCA AGA

1 cm distance. Proteins were precipitated with TCA and C,GT TTG GTG TCT CC CAC CAC CAT CAT CAT CAC-

analyzed by 12% SDSPAGE. Gels were dried, and S_and S-T TAT ATT ATG TAT TGG AAA TAG AAT

autoradiography was performed. ATA AAC ACT AGG AAG ACT ATA GGG AGA CCG
Immunoprecipitation of Photo-Cross-Linked Proteins. ~ GCA GAT-3. The PCR product was used to transform yeast

protein pellet obtained after TCA precipitation of mitochon- Strain BY4742, and positive colonies were selected on G418-
drial membranes photolabeled wil&] TID-BE or [2]TID- containing plates as describetid). Correct integration of
PC (65ug on protein basis) was dissolved in 26 of 2% the PCR frggment into the yeast genome was checked by
(w/v) SDS by heating for 10 min at 9, and diluted with PCR analysis performgd on the genomic DNA isolated from
625 uL of 20 mM Tris/HCI (pH 7.4) containing 310 mM transformants. Expression of the hemagglutinin-tagged Gut2p
NaCl and 0.5% (v/v) Triton X-100. After 15 min on ice, the Was verified by SDSPAGE followed by Western blotting.
solution was precleared by centrifugation. A 20 aliquot Preparation of Mitoplasts, Carbonate Extraction, and Salt
of the supernatant was withdrawn and mixed withy20of Wash Mitoplasts were prepared by diluting the mitochondria
concentrated SDSPAGE buffer to serve as a 10% standard, at least a factor of 10 in hypotonic buffer (20 mM Hepes/
and 200uL aliquots of the supernatant were subjected to KOH, pH 7.4), and incubating for 20 min on ic&Q),
immunoprecipitation, using antibody-coated protein A beads fgllowed by centrifugation for 12 min at 10 000 rpm
(Pharmacia, Sweden). After immunoprecipitation ¢A0of (1060@) in a microfuge at £C. Pellet and supernatant were
SDS-PAGE sample buffer was added to the beads. Samplesseparated, and the pellet was resuspended in H/S buffer. The
were heated at 95C for 5 min and subjected to 12% mitoplasts were used for photolabeling experiments or
SDS-PAGE. Gels were dried, and autoradiography was gypjected to carbonate extraction or salt treatment. These
performgd. _ ) treatments were performed by adding an equal volume of
Two-Dimensional Gel Electrophoresis and Mass Spectro- 200 mm NaCO; (freshly prepared) orfol M NaCl and
metric AnalysisMitochondrial proteins were labeled for 10 incubating on ice for 5 min followed by centrifugation for
min at 30°C with [**4]TID-PC. After precipitation, proteins 15 min at 10 000 rpm (106@in a microfuge at £C. Pellet

were dissolved in lysis buffer and separated in the first 5,4 gypernatant were separated, and the pellet was resus-
dimension on NEPHGE (pH range-80) and IEF (pHrange  nonqeq in H/S buffer. Samples were used for measurement

3.5-7) gels and in the second dimension by 12.5% SDS of Gut2p activity, or, after TCA precipitation, for analysis

PAGE, followed by silver staining, drying, and autoradiog- .
raphy of the gels, as describebh]. After autoradiography, by SrI]DS—I'\DAAGhE;oIII:weq by Western .blottmg. q
the radiolabeled protein spot of interest was cut from an  Other Methods.Protein concentrations were measure

unstained gel to increase recovery, digested with trypsin, anduSing the BCA method (Pierce) with 0.1% (w/v) SDS added
subjected to mass spectrometric analysis, as descrifgd ( @nd bovine serum albumin as a standgrdCounting was
Measurement of Glycerol-3-phosphate Dehydrogenasedon‘? v_\/lth a Packard crystal mult|deteqtor RIA system. TCA
Activity. The activity of glycerol-3-phosphate dehydrogenase Precipitations were performed by adding 1 volume of 10%
was measured by monitoring spectophotometrically the (W/v) TCA and incubating on ice for 20 min. After
phenazine methosulfate (PMS)-mediated reduction of 3-(4,5- centrifugation for 15 min at 14 000 rpm, the precipitated
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) protein was washed with %L of ice-cold acetone followed
as described1®), with minor changes. The reaction mixture by 20 uL of ice-cold water. Prior to SDSPAGE, protein
(1 mL) contained 50 mM Hepes (pH 7.5), 10 mM KCN, samples were heated for 5 min at 86 in SDS-PAGE
0.5 mM MTT, 0.2 mM PMS, 0.05% (v/v) Triton X-100, sample buffer, unless indicated otherwise. For autoradiog-
and 10 mMboL-glycerol-3-phosphate, and, in addition, 50 raphy, X-ray film or a phosphorimager (Molecular Dynam-
uM FAD. The cofactor FAD stimulates the enzymatic ics)was used. Western blots were decorated with antibodies
activity, with maximal stimulation at 5@M or above, as raised against the indicated proteins, and protein bands were
determined using 20@g of purified mitochondria (protein  visualized by enhanced chemiluminescence according to the
based) from strain D273-10B. The stimulation by FAD was manufacturer’s instructions (DuPont NEN).

Epitope Tagging of the GUT2 GenBut2p was epitope-
tagged at its C-terminus by cloning a hemagglutinin tag at
the end of theGUT2 gene into the yeast genome, via
homologous recombination with a PCR fragment. The
plasmid pU6H3HA (EMBL accession number AJ132966)
created by De Antoni and Gallwitz (2000) was used as a
template for PCR amplificatiorll@). The primers used were
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Ficure 2: Labeling of mitochondria and mitochondrial outer membranes WA#jTID-BE. Mitochondria (M) and isolated outer membranes
(OM) were incubated for 5 min at @ with [?3]TID-BE, added from ethanol, and were, either befordJy/) or after photolysis-{UV),
subjected to TCA precipitation followed by 12% SBBAGE and autoradiography. (A) Coomassie-stained gel, with the position of molecular
mass markers (kDa) indicated; (B) autoradiogram; (C) identification of the m&RT|D-BE-labeled proteins by immunoprecipitation.
Photolysis was performed on mitochondria incubated for 5 min°& @ith [1?3]TID-BE, added from ethanol, and immunoprecipitations
with antibodies directed against porin an€Rvere performed. A 10% standard of tH&3TID-BE-labeled mitochondria (M), and the
immunoprecipitates (IP) were analyzed by 12% SIPAGE and autoradiography.

RESULTS BE (lane 1), most likely because the phospholipid probe has
] . ) ) ] reduced access to the inner membrane in the intact mito-
Photolabeling of Mitochondria and Mitochondrial Outer  hondria compared to the small hydrophobic probe which
Membranes with 9] TID-BE. To explore the feasibility of 5556415 to partition into all the available membranes. The
a photo-cross-linking approach to monitor lipirotein labeling of both porin and B was confirmed by immuno-

@nt?racctjion_s inr:nitc&chcl)ndrial memtl))ranes, mitocrllol:dlrig and precipitation (data not shown). As expected Ribeling by
isolated mitochondrial outer membranes were labeled at O12511p_pc is absent from the isolated outer membranes

°C with the small hydrophobic photoactivatable probe (Fi ; :

) gure 3, lane 5, compare to Figure 2B). However, in the
[lzs']TlD'.BE' added from e_than_ol._ Figure 28 shows that the higher molecular weight range, several bands are labeled
labeling is dependent on irradiation with UV light and that more strongly at OC by [2H]TID-PC than by [S]TID-

a.relatlvely_ simple Igbehng pattern is obtained both for aBE’ among which Tom70p was identified by immuno-
mitochondria and for isolated outer membranes, as compare L .
precipitation (data not shown). Tom70p is labeled by

to their total protein pattern (Figure 2A). Two proteins around [23]TID-PC both in mitochondria and in isolated outer

30 kDa are labeled very prominently b\#]TID-BE in the
mitochondria, whereas in the isolated outer membranes theremembranes (lanes 3 and 5). These results suggest that at 0

is only one prominent band at 30 kDa. From comparison of "C, in intact mitochondria, the phospholipid analogge is
the 129-labeling patterns and the total protein patterns, we predqm|nqntlyzconf|ned to the outer membrang. Lapell_ng of
hypothesized that the densely labeled band observed botProteins with .E i]TID'PC was UV-dependent in a similar

in the outer membrane fraction and in the mitochondria was Manner as withFA]TID-BE (not shown).

porin, the most prominent protein in the outer membrane, Upon shifting the mitochondria from 0 to 2@, they start

and that the other conspicuous band, absent from the outerespiring, using ethanol (from which the probes were added)
membrane, was the abundant phosphate carri€) from as respiratory substrate. Upon respiration in the absence of
the inner membrane. The hypotheses were confirmed byphosphate, the outer membrane barrier is disrupted, while
immunoprecipitation (Figure 2C). These results show that it in the presence of phosphate the mitochondria remain intact
is possible to label mitochondrial membrane proteins with a (12). When mitochondria were incubated witiJ]TID-BE
hydrophobic photoactivatable probe. in the absence of phosphate, no changes in labeling pattern

Photolabeling of Mitochondria with!f3]TID-PC. When  or increase of label on;@ are observed upon raising the
[129]TID-PC was used for photolabeling mitochondria and temperature (cf. lanes 1 and 2), confirming that the probe
outer membranes at C, a different labeling pattern was already has access to both membranes &€ .0However,
obtained than for 3] TID-BE, but also some similarities  upon photolabeling of mitochondria at 2 with [*24]TID-
were apparent (Figure 3, compare lanes 3 and 5 to lane 1).PC in the absence of phosphate, conspicuous changes in the
The outer membrane protein porin is labeled in the mito- labeling pattern occur, such as the appearance of a very
chondria and outer membranes BA[TID-PC, as was found ~ prominent band at 70 kDa, and a strong enhancemen€of P
with [*?¥]TID-BE. In the mitochondria, FZ is labeled only labeling (cf. lanes 3 and 4). Interestingly, the intensity of
very faintly by [*3]TID-PC (lane 3), compared t3PI|TID- labeling of Tom70p is decreased at 20 compared to 0
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FiGURE 3: Photolabeling of mitochondrial membranes witti] TID-BE and [*?3]TID-PC. Samples containing mitochondria (M), isolated
outer membranes (OM), and mitoplasts (MP) were photolyzed after incubation for 30 min at 0@math [123]TID-BE or [29]TID-PC,
added from ethanol. When indicated, the buffer contained 2 mM phosphateSénples were analyzed by 12% SBSAGE and
autoradiography. The positions of Tom70pCPporin, and the heavily labeled 70 kDa protein (?) are indicated.

°C, both in mitochondria and in isolated outer membranes whereas, upon disruption of the outer membrane, it is also
(cf. lanes 3 and 4, and 5 and 6). The enhancement®@f P found in the inner membrane, where it label€ Rnd, very
labeling is in agreement with the inner membrane becoming prominently, a protein of approximately 70 kDa.

accessible to the probe due to rupture of the outer membrane |dentification of the 70 kDa Protein Specifically Labeled
(12). The prominent band at 70 kDa is absent from isolated with [124]TID-PC. Since one-dimensional separation by
outer membranes (cf. lanes 4 and 6), and is also not labeledSDS-PAGE was insufficient to obtain a protein sample
by [*23]TID-BE (cf. lanes 2 and 4). These results suggest containing only the protein of interest (data not shown),
that the 70 kDa band corresponds to an inner membranemitochondrial protein samples labeled witj{]TID-PC

protein which is very specifically labeled with*f]TID- were subjected to 2D-gel electrophoresis (Figure 4). The

PC. heavily ?8-labeled spot at 70 kDa (Figure 4A) does not
In the presence of phosphate, the mitochondrial proteinsrepresent a very abundant protein in the mitochondria, as

exhibit similar labeling by PA]TID-PC at 0 and 20°C (cf. judged from the intensity of the corresponding spot on the

lanes 7 and 8), except for the disappearance of label onsilver-stained gel (Figure 4B). The spot was cut from an
Tom70p at 20°C. Neither the increase of TID-PC label on unstained gel, subjected to tryptic digestion, and analyzed
P.C nor the appearance of the prominent band at 70 kDaby mass spectrometry for peptide mapping. The peptide
was observed (not shown). These results indicate that alsdingerprint (Figure 5A) matched that of theUT2 gene
at 20°C, when the mitochondria remain intact, the probe is product, the yeast mitochondrial glycerol-3-phosphate de-
confined to the outer membrane. Rupture of the outer hydrogenase, as was found by database analysis. The tryptic
membrane in the absence of phosphate can be prevented bpeptides covered 60% of the mature protein sequence (Figure
the presence of the uncoupler FCCP during respirafi@)) (  5B). Both the molecular mass and the isoelectric point found
or by adding ?4]TID-PC from methanol instead of ethanol, on the gel are in agreement with those predicted in the Yeast
in which case respiration is not induced. Under these Protein Database (molecular mass 68.4 kDa aridl) (21).
conditions, a similar result as in the presence of phosphateThe start of the mature protein was determined to be
was yielded (not shown). In contrast, whé#|TID-PC was DPSYMV by N-terminal sequencing (Edman degradation)
administered to mitoplasts, in which the outer membrane is and was deposited at the Yeast Protein Database, to replace
disrupted by hypotonic shock, both@Pand the 70 kDa  the incorrectly predicted mature N-terminul).
protein were photolabeled both at 0 and at®’20(cf. lanes The identity of the labeled protein was confirmed by
9 and 10). These results confirm that rupture of the outer performing a photolabeling experiment on mitochondria
membrane is a prerequisite for the probe to gain access toisolated from a yeast strain in which ti@&UJT2 gene was
the inner membrane and to label the 70 kDa protein. deleted (see Table 1). Th&]]TID-PC-labeled 70 kDa band
The labeling patterns obtained at®© did not change with  is completely absent from trgut2 knock-out mitochondria
time, while the changes occurring upon shifting to 2D whereas it is present in the corresponding wild-type mito-
were found to be time-dependent, reaching completion afterchondria (Figure 6). Other features of the labeling pattern,
approximately 16-20 min (not shown). Taken together, the such as the increase of label at the position;&f & 20 vs
results indicate that the PC analogue is largely confined to 0 °C, are unaffected in the mitochondria from the knock-
the outer membrane when the mitochondria are intact, out. These results demonstrate that the 70 kDa protein which
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Ficure 4: 2D-gel electrophoresis offl] TID-PC-labeled mitochondria. Photolysis was performed on mitochondria after a 10 min incubation
at 30°C with [*23]TID-PC, added from ethanol. Proteins were separated in the first dimension on NEPHGE (pH +&t®ead IEF (pH
range 3.5-7) gels and in the second dimension by 12.5% SP&GE, followed by silver staining and autoradiography of the gels. The
arrows indicate the position of the spot used for further analysis. (A) Autoradiogram; (B) silver stain pattern.

was highly labeled with'f4]TID-PC is indeed Gut2p. The  hemagglutinin-tagged version of the protein. Figure 8A
GUT2(Glycerol UTilization) gene is essential for utilization shows that upon centrifugation of mitoplasts prepared from
of glycerol as a carbon source?), and the encoded mitochondria-containing hemagglutinin-tagged Gut2p, the
mitochondrial FAD-dependent glycerol-3-phosphate dehy- protein is largely found in the pellet together with the
drogenase3) functions in the glycerol 3-phosphate shuttle  membrane protein Tom40p (lane 3) and only a small portion
(24, 25). is found in the supernatant, while the release of the
Localization of Gut2pTo determine the localization of intermembrane space protein cytochrobaénto the super-
Gut2p, glycerol-3-phosphate dehydrogenase activity wasnatant (lane 4) indicates that the outer membrane is com-
measured, and, in addition, a C-terminal epitope tag pletely disrupted. Activity measurements showed that the
(hemagglutinin) was introduced into Gut2p, enabling detec- activity of Gut2p also remained bound to the membrane
tion by immunological methods. Figure 7 shows that both fractions (data not shown). When the mitochondrial outer
the distributions of Gut2p activity (Figure 7A) and the membrane was disrupted due to respiration on ethanol in
hemagglutinin-tagged protein (Figure 7C) are similar to the the absence of phosphate, instead of by hypotonic shock,
subcellular distribution of E (Figure 7B), in agreement with  similar results were obtained (data not shown). These results
the mitochondrial localization of the protei@3). demonstrate that Gut2p is a predominantly membrane-bound
The effective labeling of Gut2p by TID-PC indicates protein.
that the protein interacts with the membrane. The intra- To investigate whether Gut2p is a peripheral or an integral
mitochondrial localization of Gut2p was studied using the membrane protein, the mitoplast pellet was subjected to
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Ficure 5: Identification of the }?3]TID-PC-labeled 70 kDa protein by peptide mapping. TE&I[TID-PC-labeled 70 kDa spot at the

position of the arrow in Figure 4A was cut from an unstained 2D-gel and subjected to tryptic digestion. The tryptic digest was subjected

to mass spectrometric analysis, yielding a list of 45 peptide masses, which was used to search databases. The highest scoring entry was the
yeastGUT2gene product. (A) MALDI-TOF mass spectrum of the tryptic digest; (B) the amino acid sequence of the protein encoded by
theGUT2gene. Matching tryptic peptides are indicated in bold gray and black (the color code was used to distinghuish individual peptides).
The asterisk indicates the start of the mature protein. As examples, the masses of four major peaks in (A) are indicated above the corresponding
peptide sequences in (B).

carbonate extraction or salt wash (Figure 8B). Upon treatmentshown), indicating that electrostatic interactions are probably
with Na,CO; and centrifugation, the protein is completely not the most important determinant for interaction with the
released from the membrane fraction, while the integral membrane.

membrane protein Tom40p ends up in the pellet containing

the membranes (cf. lanes 2 and 3), indicating that Gut2p is DISCUSSION
peripherally bound to the membrane. Confirmation by In search of interactions between phosphatidylcholine and
enzyme activity measurements was not possible since themitochondrial proteins, a photolabeling approach was applied
carbonate extraction completely abolished the activity of the to isolated yeast mitochondria. Using either the PC analogue
protein (data not shown). Upon subjecting the membranes[*3]TID-PC or the small hydrophobic probéfi]TID-BE,

to salt wash, Gut2p remains bound to the membrane fraction,only a limited number of proteins were labeled. When
since it is found in the pellet together with Tom40p (cf. lanes mitochondria were labeled with?]TID-BE, both the porin

5 and 6) which was confirmed by the finding that the enzyme in the outer membrane ang@in the inner membrane were
activity remained bound to the membrane fraction (not labeled intensely, while other proteins were labeled only
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Ficure 6: Labeling of wild-type andgut2A mitochondria with Gut2p —
[*A]TID-PC. Photolysis was performed on samples containing :
mitochondria isolated from gut2A strain and the corresponding H CM M 15

wild-type (WT) after a 30 min incubation at 0 or 2@ with

12 _ o, FIGURE 7: Subcellular distribution of Gut2p activity and epitope-
[SSI%'[IFI? AFC);% gggeguft:)c;gﬂd?ég?:g]famples were analyzed by 12% tagged Gut2p. The activity of Gut2p and the presence of hemag-

glutinin-tagged Gut2p and of endoplasmic reticulum (Sec61p) and
faintly or were not detected. Since porin is abundantly present mitochondrial (RC) markers are shown for homogenates (H), crude

; ; ; T mitochondria (CM), purified mitochondria (M), and microsomes
in the outer membrane, andCPis a prominent protein in (u). (A) Subcellular distribution of Gut2p activity. Glycerol-3-

the inner membrane, their labeling from the membrane is phosphate dehydrogenase activity was determined as described
not surprising. Furthermore, the results demonstrate that bothynder Experimental Procedures using samples from strain D273-
B-barrel proteins and helical bundle proteins, exemplified 10B corresponding to 10@g on protein basis. The error bars

by porin and FC, respectively, are susceptible to photo- represent the deviation from the average calculated from duplicate

: e : : : measurements of both background and activity in a single sample.
labeling. In addition to their relative abundance, a possible (B) Western blot analysis of the subcellular fractionation. Samples

reason for preferential labeling of just these membrane fom strain D273-10B corresponding to &8 on protein basis were
proteins might be a large surface of exposure to the apolarsubjected to SDSPAGE followed by Western blotting using
core of the membrane, relative to other membrane proteins,antibodies raised against Sec61p (endoplasmic reticulum marker)
or some specificity in the cross-link reaction. and RC (mitochondrial marker). (C) Western blot analysis of the

. : : ) subcellular distribution of Gut2p. Samples, corresponding g 5
In comparing the labeling patterns obtained wii]TID on protein basis, from strain BY4742 expressing hemagglutinin-

BE and [?4]TID-PC, a number of interesting observations  tagged Gut2p were subjected to SBBAGE followed by Western
were made. In intact mitochondria, the phospholipid probe blotting using antibodies raised against the hemagglutinin epitope.

was largely confined to the outer membrane, and labeled

the outer membrane proteins porin and Tom70p. A decreased”C label at the 70 kDa position is lacking fromgait2
intensity of labeling of Tom70p at 2UC compared to 0C deletion strain, completely lacking under conditions where
was observed both in mitochondria and in outer membraneit was heavily labeled in the corresponding wild-type strain,
vesicles, irrespective of the presence of phosphate. This mightunambiguously identifies the protein as Gut2p. T&eT2
reflect the flipping of the phospholipid probe to the internal gene product, also known as the FAD-dependent mitochon-
leaflet of the outer mitchondrial membrane. Tom70p has a drial glycerol-3-phosphate dehydrogenase, is required for the
large cytosolic domain2g, 27) and might thus be more utilization of glycerol as carbon sourc&g 22), and it is a
accessible for labeling from the outer leaflet of the mem- component of the glycerol 3-phosphate shuttle, which
brane. Since phospholipids integrate into membranes in andelivers reduction equivalents from cytosolic NADH to the
oriented manner, it might in principle be possible to label mitochondrial respiratory chain, thus contributing to the
membrane components selectively from one side of the maintenance of the cytosolic redox balance under aerobic
bilayer @). conditions 24, 25).

The most conspicuous difference between the labeling From the labeling of Gut2p by {1]TID-PC, it can be
patterns obtained with'33]TID-BE and [**4]TID-PC was concluded that a direct interaction of the protein with the
the specific labeling of a 70 kDa protein bi?j]TID-PC. inner membrane occurs in the biological system. The active
Only under conditions where the inner membrane was site of the rat mitochondrial glycerol-3-phosphate dehydro-
accessible to the probe, the 70 kDa protein was labeled bygenase was reported to be located in the intermembrane space
[*A]TID-PC, in parallel with the inner membrane protein (28). Interaction of the protein with the inner membrane most
P,C. To identify the [?3]TID-PC-labeled 70 kDa protein, a  likely is required for its physiological function, since this
tryptic digest of the spot of interest, cut from a 2D-gel, was includes delivery of electrons to components of the respira-
subjected to mass spectrometry. The peptide fingerprinttory chain located in the mitochondrial inner membrane.
matches that of Gut2p, and the observation tH&t]TID- However, the Yeast Protein Database states that Gut2p is
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1 2 3 4 A import of PC into yeast mitochondria. However, we have
no direct evidence for this since mitochondria from ¢jug2
knock-out strain were found to have a normal PC content,
— - = —cytochrome b2 similar to that of the corresponding wild-type strain (data
not shown). Another attractive suggestion to explain the
significance of the observed interaction between PC and
M T P S Gut2p would be that Gut2p depends on phospholipids for
BT its activity, and that interaction of the protein with the
membrane is related to the regulation of the enzymatic
1 2 3 4 5 6 B activity of the protein. Such a mechanism could involve
increased binding to the membrane when high activity is

W — — -Gut2p

-— e — —Tom40p

—— caalo i Tkl = Gut2p required and dissociation from the membrane for down-
e sal i ~Tom40p regulation of.activity. Support for this suggestion comes from
the observation that when the photolabeling of mitochondria

r P s T P s with [*29]TID-PC was performed in the presence of NADH
Na,CO4 NaCl (2 mM), labeling of Gut2p was increased relative to that of

Ficure 8: Submitochondrial localization of Gut2p. Mitochondria P.C or porin (data not shown). Intgrestlngly, the substrate
(M), isolated from strain BY4742 expressing hemagglutinin-tagged for Gut2p, glycerol 3-phosphate, is also a precursor for
Gut2p, were subjected to hypotonic shock to prepare mitoplasts phospholipid biosynthesis. Furthermore, t8&JT1 gene,

(MP). The mitoplasts were centrifuged, and the mitoplast pellet encoding glycerol kinase, the enzyme catalyzing the forma-

obtained by centrifugation was subjected to carbonate extraction ,; )
or salt wash, followed by centrifugation. Aliquots (T, complete tion of glycerol 3-phosphate, was recently shown to have

sample prior to centrifugation; P, pellet; S, supernatant) derived the_upstream activating sequence LM)S”‘ itS. promotor
from 5 g of mitochondria on protein basis were analyzed by 12% region @2). As a consequence, its expression is co-regulated
SDS-PAGE and Western blotting. The distribution of Gut2p was with many enzymes of phospholipid biosynthesis. This

analyzed using antibodies raised against the hemagglutinin epitope ; ; ; .
As controls, the distribution of the soluble intermembrane space mechanism of regulation might be complemented by down

protein cytochromés, and the outer membrane protein Tom4op egulation of Gut2p activity by low phospholipid content,
was determined using antibodies raised against these proteins. (Aynaking more glycerol 3-phosphate available for phospholipid
Western blot analysis of the conversion to mitoplasts; (B) Western biosynthesis. Another interesting observation, which might
blot analysis of mitoplasts after carbonate extraction,(\@) or point to a specific requirement for PC, is that yeast strains
salt wash (NaCl). with defects in the methylation pathway of PC synthesis
appear to be more severely affected in growth in the absence

predicted to be a soluble proteil), while the results of of choline on carbon sources where the glycerol 3-phosphate
several secondary structure prediction programs available on gl pnosp

the Internet (mostly based on hydropathy analysis of the ﬁhuhttle IS nlgrrpli\lthlghly at(;t|vr2e fi-e., lunderl cogdl?ﬁns IOf
amino acid sequence) were variable, with some indicating '9 lcytoso Ic d lact tgenera I?)I' 62 o(?ég);cerﬁl a’tnble ang |
the possible presence of several transmembrane helices anyfS 9!UCOSE and lactate, unpublisneéd da a]. Notably, modula-

others predicting a soluble structure. Using activity measure- 10" Of activity by membrane lipid composition has been
ments and a hemagglutinin-tagged version of Gut2p, it was shown for mammalian mitochondrial glycerol-3-phosphate

shown that the protein exhibits a strong interaction with the dehydrogenases3§, 34). Furthermore, the activity of the
mitochondrial (inner) membrane, and was only released upon@€roPic glycerol-3-phosphate dehydrogenase fiswheri-
carbonate extraction, demonstrating that it is a peripheral ¢hia coli(GIpD), which has similarity with Gut2p, was found
membrane protein. Hydrophobic rather than electrostatic {0 be increased in the presence of phospholipgf §6),
interactions appear to be of importance for the interaction @1d involvement of GIpD in regulation of membrane
with the membrane, since the protein could not be releasedPhospholipid biosynthesis was recently suggesg. (

from the membrane using a high salt concentration. Based By demonstrating a direct interaction between PC and the
on these data, it is unlikely that transmembrane helices aremitochondrial glycerol-3-phosphate dehydrogenase in the
involved in the mode of membrane interaction. A more biological system, the applied photolabeling strategy may
plausible explanation is the presence of a hydrophobic regionserve as a paradigm for identifying (specific) interactions

that ensures a peripheral localization perhaps by partial between lipids and proteins in a wide range of biological
insertion. A similar mechanism could apply to rat and other systems.

mammalian mitochondrial glycerol-3-phosphate dehydro-

genases, which have high similarity to Gut2p, and this would ACKNOWLEDGMENT

explain the need for detergents to solubilize these enzymes

from the mitochondrial membranes [e.®9(30)]. Recently, We thank Dr. Roland Lill for the antisera against porin,

it was found that Gut2p was present in a supramolecular Tom40p, Tom70p, and;®, and Dr. Joseph Brunner for

complex containing yeast mitochondrial dehydrogenasesproviding the TID-BE and TID-PC precursors. Dr. Stephen

(31). This indicates that besides proteilipid also protein- Fey, Lene Storgaard, Charlotte Christensen, and Chris

protein interactions may be of importance for membrane Christensen are thanked for their contributions to the 2D-

association. gel electrophoresis. Thgut2 deletion strain was kindly
At this point, we can only speculate about the significance provided by Dr. Christer Larsson, and the plasmid pU6H3HA

of the observed interaction between Gut2p and PC. Onewas generously donated by Dr. Anna de Antoni. Dr. Koert
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