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Identification of membrane proteins by tandem
mass spectrometry of protein ions
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The most common way of identifying proteins in proteomic anal-
yses is to use short segments of sequence (“‘tags’’) determined by
mass spectrometric analysis of proteolytic fragments. The ap-
proach is effective with globular proteins and with membrane
proteins with significant polar segments between membrane-
spanning a-helices, but it is ineffective with other hydrophobic
proteins where protease cleavage sites are either infrequent or
absent. By developing methods to purify hydrophobic proteins in
organic solvents and by fragmenting ions of these proteins by
collision induced dissociation with argon, we have shown that
partial sequences of many membrane proteins can be deduced
easily by manual inspection. The spectra from small proteolipids
(1-4 transmembrane a-helices) are dominated usually by fragment
ions arising from internal amide cleavages, from which internal
sequences can be obtained, whereas the spectra from larger
membrane proteins (5-18 transmembrane a-helices) often contain
fragment ions from N- and/or C-terminal parts yielding sequences
in those regions. With these techniques, we have, for example,
identified an abundant protein of unknown function from inner
membranes of mitochondria that to our knowledge has escaped
detection in proteomic studies, and we have produced sequences
from 10 of 13 proteins encoded in mitochondrial DNA. They include
the ND6 subunit of complex |, the last of its 45 subunits to be
analyzed. The procedures have the potential to be developed
further, for example by using newly introduced methods for
protein ion dissociation to induce fragmentation of internal re-
gions of large membrane proteins, which may remain partially
folded in the gas phase.

mitochondria | complex | | ND6 subunit | membrane proteome
proteolipids

ne-third of proteins encoded in genomes are hydrophobic

membrane proteins, and their analysis by mass spectromet-
ric methods is more difficult than the analysis of hydrophilic
proteins. Many of the difficulties arise from their hydrophobicity
and from the associated lack of procedures for purifying mem-
brane proteins in a suitable form for mass spectrometric analysis.
Usually, detergents are used to extract and purify membrane
proteins, but they are incompatible with the protein ionization
methods used in MS, and so they have to be removed from the
purified protein (often by chromatography in organic solvents)
before analysis can be undertaken (1-3). An alternative ap-
proach is to extract and fractionate the membrane proteins
directly in organic solvents (3-5).

The measurement of the mass of a protein allows the presence
but not the location of any posttranslational modifications to be
detected, but it does not provide a reliable means of identifying
a protein in sequence data-bases, as required in proteomic
analyses. Usually, short segments of protein sequence (sequence
tags), obtained by mass spectrometric analysis of proteolytic
peptides, are used for this purpose (6). This method provides a
highly effective means of generating partial sequences from
globular proteins, and from membrane spanning proteins with
significant polar segments between the helices and at their
termini, but it is often ineffective with the more hydrophobic
membrane proteins, where protease cleavage sites can be either
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rare or be completely absent. Another approach known as “top
down” sequencing, that has been applied to globular proteins, is
to fragment intact protein ions by collision induced dissociation
(CID) with argon, and to deduce partial sequences from the
fragment ion spectra (7-9). These spectra are complex, and often
their interpretation requires the use of high resolution instru-
ments, such as ion cyclotron resonance and linear ion trap mass
spectrometers with Fourier transform capabilities, to separate
the fragment ion isotopes and to determine the number of
associated charges from the isotope spacings (9, 10). The ex-
pense of this instrumentation limits access to these techniques.
The top-down sequencing approach has been applied also to
a few small membrane proteins in the molecular mass range 3-8
kDa, namely subunits VIIc and VIII of bovine mitochondrial
cytochrome oxidase (4), subunit c of ATP synthase (11-13), and
subunits of cytochrome bef from chloroplasts and cyanobacteria
(3). The tandem mass spectra were produced by fragmentation
of protein ions by CID in instruments with quadrupole or
time-of-flight analyzers. They were rather simple and could be
interpreted manually. However, because of the limited access to
a range of membrane proteins purified in a form that is
compatible with the generation of intact ion spectra, until now,
no systematic study of tandem mass analysis of membrane
proteins has been carried out. As described here, we have
improved the procedures for solubilizing and fractionating hy-
drophobic membrane proteins by chromatography. We have
extended the measurement of the molecular masses of mem-
brane proteins by fragmenting the intact protein ions by CID. We
have shown that, in contrast to the complex fragment ion spectra
that arise from CID of globular proteins (7), the fragment ion
spectra of many membrane proteins, containing from 1 to 18
transmembrane a-helices (TMHs), are relatively simple and are
readily interpretable by manual inspection. Thus, they provide
suitable tags for identifying unknown membrane proteins.

Results and Discussion

Extraction, Fractionation, and Characterization of Membrane Pro-
teins. Membrane proteins were extracted from bovine heart
mitochondria with solvents based on 2-propanol:acetonitrile and
chloroform:methanol at neutral and acidic pH values. The latter
solvent was also used to extract proteins from samples of purified
complexes I and III and cytochrome oxidase. Significant
amounts of subunit ND6 were found only in chloroform:metha-
nol extracts at acidic pH. The extracts of mitochondria were
fractionated by gel filtration and hydrophilic interaction chro-
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Fig. 1. Reverse-phase chromatography of proteolipids extracted from elec-
tron transfer complexes from bovine mitochondria. Shown are extracts of
complexes | (A) and Ill (B) and cytochrome oxidase (C). Solid line, absorbance
of the eluate at 225 nm; dashed line, the solvent gradient. The insetin A shows
the SDS/PAGE analysis of fractions. Proteins were identified by measurement
of their molecular masses, by tandem MS of intact protein ions and/or of
proteolytic fragments.

matography, and those of complexes I and III and cytochrome
oxidase were fractionated by chromatography on a macroporous
reverse-phase column (Fig. 1). The resolution and recovery of
hydrophobic membrane proteins achieved with the reverse-
phase column were especially striking. Clearly, this method has
the potential to be developed further as a general method for
purifying membrane proteins for MS.

The propanol:acetonitrile extract of mitochondria contained
33 proteins (5), and the chloroform:methanol extract at least 20
proteins. Many of them were identified by tandem mass analysis
of proteolytic peptides, and, as described below, most of them
were also identified by tandem MS of intact protein ions. Their
molecular masses were measured [supporting information (SI)
Table 3]. The most significant result here is the measurement of
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the molecular mass of the ND6 subunit of complex I (SI Fig. 4).
This subunit is the last protein encoded in mitochondrial DNA
to have its molecular mass measured. It is the only protein
encoded on the H (heavy)-strand of human (and bovine) mito-
chondrial DNA, and its gene overlaps partially the gene for ND5
encoded on the L (light)-strand (14). The measurement of the
mass of ND6 (measured value 19,106.7; calculated value
19,077.7) shows that, in common with other proteins encoded in
the mitochondrial genome, the protein is a-N-formylated and
that otherwise it is not modified covalently (5). Thus, the
chemical analysis of the 45 subunits of bovine complex I is now
complete (15). None of its subunits is modified covalently by an
unknown redox factor (stable under the experimental conditions
used) that could participate in the energy transducing mecha-
nism of the enzyme (16).

Fragment lon Spectra. On the basis of the tandem mass spectra of
intact protein ions, membrane proteins fall into two categories.
In the first category, the fragment ion spectra were dominated
by multiply charged series of fragment ions arising from internal
regions of the protein, and they often contained other singly
charged series arising from one or both terminal regions. In the
second category, the fragment ions giving sequence information
were usually singly charged series arising from N- and/or C-
terminal regions. To a first approximation, the first category is
composed of membrane proteins with masses up to ~12 kDa
with one to four TMHs (the “small proteolipids”), and the
second category contained membrane proteins with masses >15
kDa with 4-18 TMHs (referred to as “proteins with multi-
TMHs”).

The multiply charged ion series from the small proteolipids
could be interpreted readily by manual inspection without
consideration of isotope resolution and with no mathematical
deconvolution or transformation of spectra on to a true mass
scale. For example, a sequence of 14 aa was determined from a
series of quadruply charged b type ions obtained by tandem MS
of an intact protein ion of bovine subunit ¢ of the F-ATPase with
m/z 1,531 with five associated protons (see Table 1 and Fig. 24),
and other sequences were assigned with less certainty by exam-
ination of ions of lower abundance. The sequence was deduced
from the mass differences between fragments (often adjacent
peaks) in the same ion series, as in peptide analysis. Hence, the
mass differences between the first four fragment ions were 32.8,
14.4, and 28.4, respectively. These masses were multiplied by
successively higher integers until the differences corresponded to
recognizable amino acid residue masses (131.2, 57.6, and 113.6
corresponding to Met, Gly, and Ile/Leu residues, respectively).
Thus, in this example, the mutiplication factor was four. Other
spectra from small proteolipids are shown in Fig. 2, and in SI
Figs. 5-12, and the sequences deduced from them are summa-
rized in Table 1. They include the c-subunits from Escherichia
coli F-ATPases, the E. coli transport protein EmrE (17), and
bovine phospholamban (see SI Figs. 8, 10, and 12), which has
been found previously in mitochondria as well as in the sarco-
plasmic reticulum (5, 18, 19).

One protein, PL-5283 (proteolipid with a mass of 5,283 Da) is
novel. It copurified with subunit IX of complex III (mass 7,997
Da; see SI Fig. 13). An abundant protein ion with m/z 1,321.6 and
four associated protons in its electrospray spectrum gave rise to
a fragment ion spectrum containing a series of triply charged y
ions y33-y44(3™) in the m/z range 1,250-1,650 interpreted as the
sequence FIJGFTIGNVV (Fig. 2B) where J is Ile or Leu. A
partially overlapping sequence (MJ)(Q/K)FJJGFTJ was ob-
tained from a series of singly charged ions in the m/z range
100-1,200. The sequence MJ came from a b2 fragment ion with
m/z 245 (Fig. 2B and Table 1). A second protein ion with m/z
1,057.5 and five associated protons produced the related se-
quence GNVVGMYJAQNYDJ from the triply charged ions
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Table 1. Sequences of small proteolipids identified by tandem MS of protein ions

lons
Precursor Fragment

Protein TMH Residues z m/z (2) Sequence (residues)
Cox-VIII 1 46 5+ 993.2 y17-y27 (2%) SVTFLSFLLP (20-29)

b19-b28 (3+)
PL-5283 1 47 4+ 1321.6 b2-b10 (1+) (ML)QFLLGFTL (1-10)

y33-y44 (3%) FLLGFTLGNVV (4-14)
PL-5283 1 47 5+ 1057.5 y23-y37 (37) GNVVGMYLAQNYDI (11-24)
Cox-VliIc 1 47 5+ 1089.3 y12-y24 (27) MMTLFFGSGFAA (24-35)
Plamban 1 52 4+ 1531.2 b30-b51 (4+) LFINFCLILICLLLICIIVML (31-51)
A6L 1 66 6" 1328.4 b2-b10 (1) (f-MP)QLDTSTWLTMIL (1-14)

y52-y63 (57)
FA-c 2 75 5+ 1531.4 b59-b73 (4+) MGLFCLMVAFLILF (60-73)
Cll-IX 1 78 9+ 889.7 b3-b7 (1) VAAR (4-7)
FA-c 2 79 5+ 1657.9 b6-b13 (1+) DLLYMAA (7-13)
FA-c 2 79 6" 1377.2 b12-b23 (2+) AAVMMGLAAIG (13-23)
Cl-B9 1 83 8+ 1158.4 b22-b30 (3+) AIAGLAVILPTLS (23-35)

y48-y54 (4F)

y52-y61 (5+)
EmrE 4 110 7+ 1713.4 y30-y53 (37) IAYAIWSGVGIVLISLLSWGFFG (58-80)

Cox, cytochrome c oxidase; PL, proteolipid; FA, F-ATPase; Cl, complex I; Plamban, phospholamban; ND, NADH dehydrogenase.

y23-y37(3*) (Table 1 and SI Fig. 6). This partial sequence is
related to hypothetical proteins with similar masses from ze-
brafish (Danio rerio), rat (Rattus norvegicus), and chicken (Gallus
gallus), and to a 47-aa protein, with a calculated molecular mass
of 5,283.3 Da encoded by a bovine cDNA. Residues 1-24 of the
bovine protein correspond to the deduced sequence (Table 1).
Entries in human, dog and rhesus monkey data-bases, where this
sequence forms the C-terminal region of larger hypothetical
proteins, will need to be reassessed. The sequence of bovine
PL-5283 is 70% identical to seven vertebrate proteins (SI Fig. 14)
and is predicted to contain a single transmembrane span (resi-
dues 1-21). The distribution of charges suggests that its C
terminus will be in the mitochondrial inter-membrane space, and
although there are no clues about its exact function, the large
number of charged amino acids in its C-terminal region is
striking. It is likely that this protein has escaped detection
previously because it does not yield proteolytic fragments that
are amenable to mass analyses.

Examples of the second category of proteins with multi-
TMHs, where sequence information was deduced manually
almost exclusively from fragment ion spectra arising from N-
and/or C-terminal regions of the proteins, are summarized in
Table 2; spectra are shown in Fig. 3 and SI Figs. 15-22. They
include the c-subunit from the canine V-ATPase (20) (four
TMHs), where sequence was deduced from an ion with nine
associated protons, the a-subunit of the F-ATPase (predicted to
contain five to six TMHs); the ND1, ND2, and NDS5 subunits of
complex I (8, 8, and 18 predicted TMHs, respectively); and the
ND6 subunit (four or five predicted TMHs) from the same
complex. Three hydrophobic proteins that were examined gave
no interpretable fragment ion spectra; possible explanations are
discussed below. They are subunit Cox-I and Cox-III (12 and 7
TMHs, respectively) of the cytochrome oxidase complex and
subunit ND4 (12 or 13 predicted TMHs) from complex I. They
are three of the 13 proteins encoded in mitochondrial DNA; the
10 remaining proteins (Cox-II, cytochrome b, ND1-3, NDA4L,
NDS5, ND6, and F-ATPase a and A6L subunits) all gave rise to
partial sequences (see Tables 1 and 2, Figs. 2C and 3 A4 and B,
and SI Figs. 15 4 and B, 17, 18, and 20-22).

Not all of the membrane proteins that were examined conform
exactly to the two categories. For example, subunits ND4L and

14332 | www.pnas.org/cgi/doi/10.1073/pnas.0706817104

ND3 of mitochondrial complex I (measured molecular masses of
10,825 and 13,082, respectively) are predicted to have two and
three TMHs, respectively, but their fragmentation ion spectra
were derived from small singly charged fragment ions. It is
possible that slight variation in experimental conditions could
produce multiply charged fragmentation spectra.

These observations correlate with the tandem MS data ob-
tained on membrane proteins with one or two TMHs from
chloroplasts and cyanobacteria (3, 13, 21), where extensive
sequences were obtained from spectra containing multiple and
also singly charged fragment ions.

Spectral Characteristics. The relative simplicity of the fragmenta-
tion patterns and the ease of interpretation of fragment ion
spectra of intact membrane proteins are a consequence of their
sequences, and particularly of the distribution of charged and
hydrophilic residues. Fragmentation of peptides in the gas phase
in CID is assisted by protonation of amide bonds. Hence,
cleavages are charge directed, and peptide bond cleavage occurs
preferentially at amino acid residues with higher proton affini-
ties, especially to the N-terminal side of arginine and proline (22,
23). Because the TMHs of most membrane proteins contain few
charged residues, a random pattern of amide bond cleavage by
CID is favoured that is less influenced by differences in proton
affinities. Thus, cleavage of the amide backbone was observed
frequently in hydrophobic regions, and often the patterns of
multiply charged fragment ions used for assigning sequences
were derived from them also. This effect is illustrated by the
tandem mass spectra of EmrE (SI Fig. 12), where the sequence
of residues 58-80 is defined by an extensive series of 24 y3*
fragment ions from the TMH extending from residues 61-79
(24). This sequence is bounded by Arg-82 and Pro-55, and no
fragment ion was observed from peptide bonds C-terminal to
Arg-82.

In the analysis of ions from larger membrane proteins with
multiple TMHs, the abundant products of the fragmentation
were singly charged ions that defined either one or both ends of
the protein (examples are provided by subunits ND1, ND2, ND3,
ND4L, NDS5, and ND6 of complex I and subunit a of ATP
synthase). These terminal regions were generally hydrophobic,
and only the C-terminal parts of subunits ND3 and ND6 of
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Fig. 2. Tandem MS analyses of protein ions from small proteolipids. Shown
are fragment ion spectra from the ¢ subunit of bovine F-ATPase (A), bovine
mitochondrial PL-5283 (B), and the A6L subunit of the F-ATPase (C). For further
details, see S/ Text.

complex I contain a basic residue. Despite being restricted to the
terminal regions, the sequences provide sufficient information to
allow the protein to be identified unambiguously with their
associated molecular masses. No significant interpretable frag-
ment ion spectra were obtained from subunit ND4 of complex
I or from the cytochrome oxidase subunits Cox-I and Cox-III.
The presence of basic amino acids and proline residues in the
terminal regions of ND4 and Cox-I (but not in Cox-III) may
provide an explanation. No significant data were obtained from
the family of mitochondrial transporter proteins, exemplified by
the adenine nucleotide carrier (see SI Fig. 23). They have six
TMHs, but they are interspersed with extensive hydrophilic and
charged sequences (25, 26).

Perspectives for Improving Tandem MS Analysis of Membrane Pro-
teins. The current study has been made possible by our devel-
opment of methods for the extraction and purification of a wide
range of membrane proteins in organic solvents, especially the
development of improved methods for normal phase chroma-
tography on polyhydroxyethylaspartamide, and reverse phase
chromatography on macroporous reverse-phase columns (27).
The latter method is a high resolution method of high potential
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that allows large hydrophobic proteins to be recovered pure in
high yield.

Because of the lack of access to a representative range of
suitably purified membrane proteins, so far there have been
almost no studies of the impact of different forms of instrumen-
tation on top-down sequencing of membrane proteins. In pre-
liminary comparisons of the same protein ions from subunit c of
mitochondrial F-ATPase and subunits Cox-VIIc and Cox-VIII,
obtained by low energy CID in triple quadrupole and quadru-
pole-time of flight (Q-TOF) instruments, we have observed few
significant differences in prominent ions or in abundance of
fragment ions that are useful for sequence analysis. Although the
superior fragment ion resolution of the Q-TOF instrument has
enabled quadruply and quintuply charged ions to be distin-
guished, this feature was not important for any of the sequence
assignments. However, a 19" ion from bacteriorhodopsin has
been analyzed by CID in both linear ion trap with Fourier
transform capability and Q-TOF instruments. Although, the
baseline resolution of fragment ions was superior in the Fourier
transform instrument, no sequence was deduced manually from
the spectrum (28), whereas it was possible to deduce the
sequence of residues 11-19 in the fragment ion spectrum ob-
tained with the Q-TOF instrument (SI Fig. 19).

The lack of interpretable sequence data from the internal
regions of large hydrophobic proteins may be a consequence of
membrane proteins having a greater tendency than globular
proteins to remain folded in the gas phase (28). CID depends on
protonation of amide groups, and so folded hydrophobic regions
will incorporate fewer charges during electrospray ionization
and fragmentation will be more likely to occur in the less well
folded N-and C-terminal regions, as observed. Nonetheless,
fragmentation of internal hydrophobic regions was observed in
some membrane proteins, for example, the tandem MS data
from bacteriorhodopsin contained a doubly charged series of y
ions corresponding to residues 11-19 (WLALGTALM; see
Table 2), and that of cytochrome b contained a series of triply
charged b ions corresponding to residues 19-23 (Table 2). Also,
the fragmentation of Cox-II (26 kDa, two TMHs) by CID cleaves
the bond Leu-68-Pro-69 and singly charged b ion series arise
from both the N terminus of the new fragment and the intact
molecule. A similar effect has been noted in the SGDH subunit
(17 kDa, one TMH) of complex I (15).

It is possible that more extensive unfolding of membrane
proteins may be achieved in mass spectrometers equipped with
ion traps or ion cyclotrons, where ions can be confined, thereby
increasing the opportunity for a protein to unfold. Confinement
increases the likelihood of fragment ions forming and of ions
being activated and fragmented. However, access to these in-
struments is likely to remain a difficulty. Another foreseeable
source of improvement in tandem MS of membrane proteins
may come from recently introduced methods of protein ion
dissociation, such as electron capture dissociation and electron
transfer dissociation, where peptide chain cleavages are se-
quence independent and the pattern of fragment ions is less
influenced by proton affinities (23, 29). These techniques are
likely to give increased random fragmentation of membrane
proteins, producing interpretable tandem mass spectra that
cover more of the sequence of the protein than at present (30).
These benefits have been realized already with some hydrophilic
proteins (31, 32).

Experimental Procedures

Preparation, Extraction, and Fractionation of Membrane Proteins.
Lysosomal storage bodies associated with canine ceroid lipofus-
cinosis (provided by D. N. Palmer, Lincoln University, Canter-
bury, New Zealand), containing mainly subunit ¢ of the V-
ATPase (20), were extracted with chloroform:methanol (2:1,
vol:vol). Subunit ¢ from the E. coli ATP synthase (provided by
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Table 2. Sequences of proteins with multi-TMHs determined by tandem MS of protein ions

lons
Precursor Fragment
Protein TMH Residues z miz (2) Sequence (residues)
NDA4L 2 98 6" 1805.3 y2-y8 (1%) QNLNLL(QC) (91-98)
ND3 3 115 8+ 1636.5 b2-b9 (1) (f-MN)LMLALLT (1-9)
y2-y9 (1F) TQK(GL)EW(TE) (107-115)
VA-c 4 155 9+ 1683.0 y4-y15 (1) LGLYGLIVALI (141-151)
ND6 4-5 175 11+ 1738.5 b2-b9 (1) (f-MM)LYIVFIL (1-9)
y2-y7 (17) MEITR(GN) (169-175)
FA-a 5-6 226 13+ 1910.0 b2-b11 (1+) (f-MN)ENLFTSFIT (1-11)
y3-y11 (1) LLVSLYLH(DNT) (216-226)
Cox-ll 2 227 15+ 1737.6 b2-b4 (1) YP (3-4)
Cox-ll 69-227 15+ 1737.6 b2-b9 (1) (PA)IILILIA (69-77)
BR 7 247 19+ 1410.6 b10-b19 (2+) WLALGTALM (11-19)
CI-ND1 8 318 21° 1701.1 b2-b8 (17) (f-MF)MINILM (1-8)
CI-ND2 8 347 22+ 1786.5 b2-b11 (1+) (f-MN)PIIFHILL (1-11)
ClIl-Cyt-b 8 379 21+ 2030.6 b18-b23 (3+) IDLPA (19-23)
CI-ND5 18 606 40+ 1709.0 y3-y7 (17) ILFN (600-603)

VA, V-type ATPase; BR, apo-bacteriorhodopsin. Other abbreviations are as defined in Table 1.

I. Arechaga, Medical Research Council (MRC) Dunn Human
Nutrition Unit) obtained by over-expression in E. coli (33) was
purified by hydroxylapatite chromatography in lauryldimethyl-
amine oxide. Multidrug resistance protein E (EmrE) from E. coli
(provided by C. G. Tate, MRC Laboratory of Molecular Biology,
Cambridge, U.K.) was extracted from E. coli membranes with
chloroform:methanol (2:1, vol:vol) (17) and purified by chro-
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Fig.3. Tandem mass analyses of protein ions from proteins with multi-TMH.
(A) Fragment ion spectrum of a protein ion from subunit a of bovine F-ATPase
with m/z 1,910.0 and 13 associated protons. The N-terminal sequence, (f-
MN)ENLFT(SF)IT, is defined by the singly charged ions b2-b11 and the C-
terminal region, LLVSLYLH(DNT), by the ions, y3-y11. lons denoted b° corre-
spond to the loss of water. (B) Fragment ion spectrum of protein ion with m/z
1,786.5 m/z and 22 associated protons from subunit ND2 of bovine complex I.
The N-terminal sequence (f-MN)PIIFIIILL is defined by the singly charged ions,
b2-b11.
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matography on hydroxylapatite and by gel filtration in the same
solvent. Proteins were precipitated from chloroform:methanol
extracts and from detergent solutions with 4 vol of diethyl ether
at —20°C. For mass spectrometric analysis, protein precipitates
of membrane proteins were dissolved in chloroform:methanol
(2:1, vol:vol) and diluted into a solution of chloroform, methanol
and 0.1% aqueous formic acid (4:4:1 by vol). Apo-bacteriorho-
dopsin was purified from Halobacterium salinarium (34, 35).

Bovine heart mitochondria were extracted with chloroform:
methanol (2:1, vol:vol) (36). The proteins were precipitated with
ether, redissolved in chloroform:methanol:water (46.75:45.75:7.5
by vol) containing 60 mM ammonium acetate, pH 7.0, and
fractionated by gel filtration on Toyopearl HW-55 in the same
solvent. The column fractions were extracted with water to
remove salt, and the proteins were precipitated from the organic
phase with ether. They were redissolved in chloroform:methanol
(2:1, vol:vol) and introduced into the mass spectrometer in a
solution of chloroform:methanol:1% formic acid (4:4:1 by vol).
This procedure yielded samples of Cox-VIIc, Cox-VIII, CIII-IX,
phospholamban and FA-c.

A6L and adenine nucleotide translocase were obtained sim-
ilarly from bovine heart mitochondria extracted with chloro-
form:methanol:water (75:23:2 by vol) containing 20 mM ammo-
nium formate, pH 3.7. These proteins were dissolved in formic
acid (60%) and purified by reverse-phase HPLC on a PRP-3
column at 40°C (Hamilton, Reno, NV) in 0.1% trifluoroacetic
acid with an acetonitrile gradient.

Bovine heart mitochondria and complex I were extracted with
9 vol of 2-propanol: acetonitrile:hexafluoro-isopropanol:water
(70:25:0.56:4.44, by vol) containing 20 mM ammonium formate,
pH 3.7 (5). The proteins were fractionated by HILIC on columns
of polyhydroxyethyl-aspartamide with a gradient of decreasing
organic solvent (5) yielding samples of PL-5283, CI-ND2, CI-
ND3, CI-ND4L, CI-B9 and FA-a.

Bovine complexes I and III and cytochrome oxidase prepared
by ion exchange chromatography (37) were extracted with 12 vol
of chloroform:methanol:water (66.7:31.3:2 by vol) containing 20
mM ammonium formate, pH 3.7. Proteins were precipitated
with ether, redissolved in the extraction solvent, and precipitated
again with ether. The precipitate was redissolved in a mixture of
formic acid:trifluoroethanol:hexafluoro-2-propanol:water
(60:20:5:15, by vol) and fractionated by reverse-phase chroma-
tography on an mRP column (75 X 2.1 mm i.d.; Agilent,
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Cheadle, U.K.). The column was equilibrated in 0.1% trifluoro-
acetic acid containing 20% trifluoroethanol and 5% hexafluoro-
2-propanol at 60°C and eluted with a gradient of isopropanol
from 0-70% (vol:vol) and hexafluoro-2-propanol from 5-1%
(vol:vol) at a flow rate of 0.1 ml/min. This procedure gave
samples of CI-ND4, CI-NDS5, CIII-Cytb, Cox-I, Cox-II, and
Cox-IIL.

To obtain samples that contained the ND6 subunit of bovine
complex I, the enzyme was extracted with chloroform:methanol-
:water (66.7:31.3:2 by vol) containing 20 mM ammonium for-
mate, pH 3.7, as described above, and precipitated with ether.
The ether precipitate was redissolved in 0.1 vol of extraction
solvent, and centrifuged (16,000 X g for 10 min at 4°C). The
solution contained complex I subunits ND1, ND2, ND3, ND4,
ND5, ND6, and ND4L (SI Fig. 24).

SDS/PAGE Analysis of Proteins. Proteins in extracts and column
fractions were examined by SDS/PAGE in 12-22% gradient gels.
They were stained with Coomassie blue dye, and many of them
were identified by mass spectrometric analyses of proteolytic
digests (5). Primary chicken antibodies were raised against the
synthetic peptide KDKEVEVVFEFNGLGD representing resi-
dues 109-124 of the ND6 subunit of complex I by Agrisera
(Véannas, Sweden). They were used to detect ND6 in extracts of
bovine heart mitochondria by immunoblotting (5).
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MS. Electrospray ionization-MS analyses were performed in
positive ion mode with either a Sciex API III* triple quadrupole
mass spectrometer (MDS Sciex, Concord, ON, Canada)
equipped with a nanoelectrospray interface, or a Q-TOF1
Q-TOF mass spectrometer (Waters—Micromass, Manchester,
U.K.) with a nanoflow electrospray interface (4, 5, 38). Protein
ions were disrupted by CID with argon under similar conditions
to those used for the tandem MS analysis of peptides (39).
Tandem mass spectra were interpreted manually without, either
knowledge of isotope spacing for determination of charges on
ions, or deconvolution of raw spectral data. Isoleucine and
leucine residues, denoted as J, were not distinguished by MS.
Where protein sequences were derived from DNA sequences
and there was no ambiguity, Ile and Leu were used. The number
of charges on fragment ions was determined by arithmetic.
Sequences obtained by tandem MS were compared with protein
data-bases with BLAST (40), and a bovine expressed sequence
tag data-base was screened with TBLASTN.
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matography of membrane proteins.
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