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The integral V0 domain of the vacuolar (H�)-ATPases (V-
ATPases) provides the pathway by which protons are trans-
ported across the membrane. Subunit a is a 100-kDa integral
subunit ofV0 that plays an essential role in proton translocation.
To better define the membrane topology of subunit a, unique
cysteine residues were introduced into a Cys-less form of the
yeast subunit a (Vph1p) and the accessibility of these cysteine
residues to modification by the membrane permeant reagent
N-ethylmaleimide (NEM) and the membrane impermeant rea-
gent polyethyleneglycol maleimide (PEG-mal) in the presence
and absence of the protein denaturant SDS was assessed. Thirty
Vph1p mutants containing unique cysteine residues were con-
structed and analyzed. Cysteines introduced between residues
670 and 710 and between 807 and 840 were modified by PEG-
mal in the absence of SDS, indicating a cytoplasmic orientation.
Cysteines introduced between residues 602 and 620 and
between residues 744 and 761 were modified by NEM but not
PEG-mal in the absence of SDS, suggesting a lumenal orienta-
tion. Finally, cysteines introduced at residues 638, 645, 648, 723,
726, 734, and at nine positions between residue 766 and 804
were modified by NEM and PEG-mal only in the presence of
SDS, consistentwith their presencewithin themembrane or at a
protein-protein interface. The results support an eight trans-
membrane helix (TM) model of subunit a in which the C termi-
nus is located on the cytoplasmic side of the membrane and
provide information on the location of hydrophilic loops sepa-
rating TM6, 7, and 8.

The vacuolar (H�)-ATPases (V-ATPases)2 areATP-depend-
ent proton pumps present in a variety of intracellular compart-

ments, including endosomes, lysosomes, Golgi-derived vesi-
cles, and secretory vesicles (1–3). Acidification of intracellular
compartments is important for membrane traffic processes,
protein degradation and processing, coupled transport of small
molecules, and the entry of various pathogens, including enve-
lope viruses like influenza virus andbacterial toxins like anthrax
toxin (4). V-ATPases are also present at the plasma membrane
of a variety of cell types, including renal-intercalated cells, oste-
oclasts, macrophages, and neutrophils, epididymal clear cells,
insect goblet cells, and certain tumor cells (5–10). Plasmamem-
brane V-ATPases play a critical role in processes such as uri-
nary acidification, bone resorption, sperm maturation, pH
homeostasis, coupled transport, and tumor metastasis.
The V-ATPases are multisubunit complexes containing two

domains (1–3). The V1 domain is peripheral to the membrane,
contains eight different polypeptides (subunits A–H) and car-
ries out ATP hydrolysis. The V0 domain is membrane-integral,
contains subunits a, c, c�, c�, d, and e (in yeast), and is responsi-
ble for proton transport. Both the proteolipid subunits (c, c�,
and c�) and subunit a contain residues that are essential for
proton translocation (11, 12). The proteolipid subunits form a
ring containing buried glutamic acid residues (13, 14) that are
thought to undergo reversible protonation during proton
transport. Subunit a is a 100-kDa integral membrane protein
that contains two domains. TheN terminus is a 50-kDa, hydro-
philic domain present on the cytoplasmic side of themembrane
(15). It functions as part of the peripheral stalk (or stator) that
connects the V1 and V0 domains (16, 17) and stabilizes the
complex during rotary catalysis (see below). It also contains the
information necessary for intracellular targeting of V-ATPases
(18). The C terminus is a 50-kDa, hydrophobic domain and
contains multiple transmembrane helices (15). Site-directed
mutagenesis has shown that the C-terminal domain of subunit
a contains several charged amino acid residues buried in the
membrane that are important for proton transport, including
Arg-735 in TM7 that is absolutely required (12, 19, 20).
The V-ATPases operate by a rotary mechanism in which

ATP hydrolysis in the V1 domain causes the rotor domain
(including the ring of proteolipid subunits) to rotate relative to
subunit a (21, 22). Rotation of the proteolipid ring past subunit
a in turn causes proton translocation, as first proposed for the
related family of F1F0 ATP synthases (23). Subunit a is thought
to serve two essential functions in thismechanism, as described
in detail under “Discussion.” Briefly, these include conduction
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of protons to and from the protonatable carboxyl groups on the
proteolipid ring and stabilization of these groups in their
charged state (1). To understand how subunit a performs these
functions, it is necessary to define the structure of this polytopic
membrane protein. Previous data from our laboratory analyz-
ing the membrane topology of subunit a led to a model of the
protein in which the cytoplasmic N-terminal domain was fol-
lowed by a C-terminal domain containing nine transmembrane
helices, placing theC terminus on the lumenal side of themem-
brane (15). Other data, however, have suggested that the C ter-
minus is located on the cytoplasmic rather than the lumenal
side of the membrane (24, 25). To further address the mem-
brane topology of subunit a, we have employed a combination
of cysteine-scanning mutagenesis and chemical modification
with membrane permeant and impermeant reagents. The
resulting model contains eight transmembrane helices with
both the N and C terminus located on the cytoplasmic side of
the membrane.

EXPERIMENTAL PROCEDURES

Materials—Zymolyase 100T was obtained from Seikagaku
America, Inc. ConcanamycinAwas purchased fromFluka. Pro-
tease inhibitors were from Roche Applied Science. The mouse
monoclonal antibody 8B1-F3 against the yeast V-ATPase A
subunit and the mouse monoclonal antibody 10D7 against the
100-kDa subunit a were from Invitrogen. Escherichia coli and
yeast culture media were purchased from Difco. Restriction
endonucleases, T4 DNA ligase, and other molecular biology
reagents were from Invitrogen, Promega, and New England
Biolabs. Polyethyleneglycol maleimide (PEG-Mal, 5 kDa) was
fromSunBio Inc. ATP, phenylmethylsulfonyl fluoride andmost
other chemicals were purchased from Sigma.
Strains and Culture Conditions—Yeast strain MM112

(MATa�vph1::LEU2�stv1::LYS2 his3-�200 leu2 lys2 ura3-52)
lacking the endogenous Vph1p and Stv1p a subunit isoforms
was used to study all Vph1p mutants. All yeast strains were
cultured inUra-S.D.minimalmedia or YEPDmedium buffered
to pH 5.5 using 50 mM succinate/phosphate.
Transformation and Selection—Site-directed mutants of

Vph1p were constructed using the Altered Sites II in vitro
mutagenesis system (Promega), and the presence of the muta-
tions was verified by sequencing the entire length of subcloned
DNA. The mutant forms of subunit a in the pRS316 expression
plasmid were transformed into yeast strainMM112 by the lith-
ium acetate method (26). The transformants were selected on
uracilminus plates and growth phenotypes of themutants were
assessed on YEPD plates buffered with 50 mM KH2PO4 or 50
mM succinic acid to either pH 7.5 or pH 5.5, respectively.
Protein Preparation, SDS-PAGE, and Immunoblot Analysis—

Vacuolar membrane vesicles were isolated as described previ-
ously (27). Vacuolar membranes were separated by SDS-PAGE
on 7.5% acrylamide gels (28). The presence of Vph1p (subunit
a) or Vma1p (subunit A) were detected by Western blotting
using the monoclonal antibodies 10D7 and 8B1-F3, respec-
tively, followed by a horseradish peroxidase-conjugated sec-
ondary antibody, as described previously (29). Blots were devel-
oped using a chemiluminescent detection method obtained
from Kirkegaard & Perry Laboratories.

Chemical Blocking and Detergent Solubilization—200 �g of
vacuolar membrane vesicles were diluted into 1 ml of ice-cold
phosphate-buffered saline (PBS) containing 137 mM NaCl, 1.2
mM KH2PO4, 15.3 mM Na2HPO4, 2.7 mM KCl, 2 mM EDTA, 1
mMdithiothreitol, pH7.2 and then centrifuged at 16,000� g for
5 min. Pellets were resuspended in 400 �l of ice-cold PBS con-
taining protease inhibitors aprotinin (2 �g/ml), leupeptin (5
�g/ml), pepstatin (0.7 �g/ml), and phenylmethylsulfonyl fluo-
ride (1mM) and divided into two tubes. Sampleswere incubated
either in the absence or presence of 5 mM N-ethylmaleimide
(NEM) for 30 min at room temperature. Samples were then
washed by sedimentationwith 1ml of ice-cold PBS 5 times, and
pellets were resuspended in 100 �l of cold PBS with protease
inhibitors and again divided into two tubes. Samples were incu-
bated with or without 2% SDS for 20 min at room temperature.
Sulfhydryl Modification with PEG-maleimide—To deter-

mine the accessibility of the cysteine residues in Vph1p in the
various mutants, the samples that had been treated with or
withoutNEMandwith orwithout SDS as described abovewere
incubatedwith 1mMpolyethylene glycolmaleimide (PEG-Mal)
in PBSwith protease inhibitors for 1 h on ice (for samples in the
absence of SDS) or room temperature (for samples in the pres-
ence of SDS). Room temperature was employed for the samples
reacted in the presence of SDS to avoid precipitation of deter-
gent, but incubation in the absence of SDS was done on ice to
minimize any permeation of PEG-Mal into the vesicle interior.
Samples were quenched with 10 mM dithiothreitol for 10 min
and then mixed with sample buffer and separated by SDS-
PAGE on 7.5% acrylamide gels. Samples were transferred to
nitrocellulose and blotted with the monoclonal antibody
against subunit Vph1p (10D7). Reaction of an accessible single
cysteine residue on Vph1p with PEG-maleimide shifts the
mobility of the protein by �10–15 kDa (30).
ATPase and Proton Transport Activity—ATPase activity was

measured using a coupled spectrophotometric assay as previ-
ously described (31). The reactions were carried out at 30 °C,
and vacuolarmembrane vesicleswere incubatedwithDMSOor
1 �M concanamycin A (in DMSO) for 5 min prior to measure-
ment of ATPase activity or proton transport activity. Proton
transport was measured by the initial rate of ATP-dependent
fluorescence quenching using the fluorescence dye ACMA, as
previously described (31).
Other Procedures—Protein concentrations were determined

by the method of Lowry et al. (32).

RESULTS

Growth Phenotype of Yeast Strains Expressing Single Cys-
teine-containing Mutants of Subunit a—To further character-
ize the topology of the C-terminal domain of subunit a of the
V-ATPase, a chemical modification approach was employed
utilizing single cysteine-containing mutants of Vph1p, one of
two isoforms of subunit a in yeast. We have previously shown
that a Cys-less form of Vph1p in which the seven endogenous
cysteine residues were replaced with serine was able to comple-
ment the vma� growth phenotype of a yeast strain (MM112) in
which the genes encoding the two endogenous isoforms of sub-
unit a in yeast (VPH1 and STV1) had been disrupted (15). That
is, cells expressing the Cys-less form of Vph1p were able to

V-ATPase Subunit a Membrane Topology

JULY 25, 2008 • VOLUME 283 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 20697



grow at pH 7.5 as well as pH 5.5, whereas the parental MM112
strain grew only at pH 5.5. Starting with this Cys-less form of
Vph1p, thirty single cysteine-containing mutants were con-
structed by site-directed mutagenesis. Because the topology of
the C-terminal most portion of Vph1p was in dispute (15, 24,
25), and because all of the residues shown to be important for
proton transport had been localized to this region (12, 19, 20),
we focused ourmutagenesis beginning at residueGly-602 in the
putative loop between TM5 and TM6 and continuing to the
C-terminal residue Ser-840. Each of the single cysteine contain-
ingmutants of Vph1pwas expressed inMM112 using the single
copy plasmid pRS316 and the growth phenotype of the cells
analyzed at pH 7.5. As shown in Table 1, each of the mutant
strains showed growth at pH 7.5 that was at or near wild-type
levels, suggesting that the mutant forms of Vph1p were able to
complement the vma� phenotype.
Assembly of V1V0 Complexes Containing Single Cysteine-con-

taining Mutants of Subunits a—To assess the effects of the
mutations in subunit a on assembly of the V-ATPase complex,
vacuolar membranes isolated from each strain were subjected
to SDS-PAGE, andWestern blot analysis was performed using
antibodies against both Vph1p (as a measure of the presence
of the V0 domain) and subunit A (as a measure of the presence
of the V1 domain). It has previously been shown that mutations
that disrupt assembly of the V-ATPase complex typically lead
to the absence of subunit A in vacuolar membranes due to the
inability of V1 to assemble with V0, whereas mutations that
interfere with assembly of theV0 domain or normal targeting of
the complex result in the absence of subunit a from vacuolar
membranes (19). As can be seen in Fig. 1, vacuolar membranes
isolated from each of the strains expressing the single cysteine-
containing mutants of Vph1p showed near wild-type levels of
both Vph1p and subunit A, suggesting normal assembly and
targeting of the V-ATPase complex.
ATPase and Proton Transport Activity—Because yeast

mutants possessing as little as 20–25% of wild type levels of
V-ATPase activity can still display a wild-type growth pheno-
type at pH7.5 (33, 34), it is necessary tomeasure the effect of the

introducedmutations on ATPase activity and proton transport
by isolated vacuolarmembranes. Concanamycin-sensitiveATP
hydrolysis was measured by a continuous spectrophotometric
assay, and concanamycin-sensitive proton transport wasmeas-
ured by the rate of ATP-dependent fluorescence change using
the pH-sensitive dye ACMA, as described under “Experimental
Procedures.” As can be seen from the results in Fig. 2, vacuolar
membranes isolated from each of the mutant strains displayed
at least 20% of wild-type levels of both ATPase activity and
proton transport, consistent with the observed growth pheno-
type. It should also be noted that there is no correlation
between lower activity and the slight differences observed in
growth for some mutants. Activity data had previously been
reported for four of themutants analyzed in this report, includ-
ing G602C, S703C, F761C, and S840C (15). Bafilomycin-sensi-
tive, ATP-dependent proton transport activities for these
mutants were all at least 70% of wild type (15).
Reactivity of Single Cysteine-containingMutants of Subunit a

to NEM and PEG-Mal in the Presence and Absence of SDS—To
analyze the topology of subunit a, the accessibility of the intro-
duced cysteine residues to NEM and PEG-Mal in the presence
and absence of SDS was assessed. As previously shown, NEM
can readily cross membranes andmodify cysteine residues that
are exposed on either side of the membrane (30). Because reac-
tionwithNEMand othermaleimides requires the thiolate form
of cysteine, NEM does not react with cysteine residues within
the hydrophobic phase of the bilayer (35). PEG-Mal, by virtue of
the large carbohydrate moiety, is membrane impermeant and
can only modify cysteine residues exposed on the same side of
the membrane as that to which it is added (30). Because the
vacuolar membrane preparation has previously been shown to
have an almost exclusively cytoplasmic-outward orientation
(15, 36), PEG-Mal modification in the absence of SDS would
indicate a cytoplasmic orientation of the modified cysteine res-
idue. If a cysteine residue cannot bemodified byPEG-Mal in the
absence of SDS but can be modified by NEM in the absence of
SDS, this suggests the cysteine is exposed on the lumenal side of
the membrane (30). If a cysteine residue cannot be modified by
either PEG-Mal or NEM in the absence of SDS, this suggests
that the cysteine residue is present within a transmembrane

FIGURE 1. Analysis of stability of V-ATPase complexes containing single
cysteine mutants of Vph1p by Western blot of isolated vacuolar mem-
branes using antibodies against subunit a (part of V0) and subunit A
(part of V1). Vacuolar membranes were isolated from the yeast strain MM112
(disrupted in the endogenous VPH1 and STV1 genes) expressing either a wild-
type form of Vph1p (WT), the pRS316 vector alone (Vector), the Cys-less form
of Vph1p (cysless) or the indicated single cysteine-containing mutants of
Vph1p. Samples of vacuolar membranes (2 �g of protein) were separated by
SDS-PAGE followed by transfer to nitrocellulose and Western blot using
mouse monoclonal antibodies against subunit a (10D7) or subunit A (8B1-F3)
as described under “Experimental Procedures.”

TABLE 1
Growth phenotype of yeast strains expressing wild type and mutant
forms of Vph1p
Growth phenotype of yeast strains was assessed by colony size after overnight
growth at 30 °C on plates buffered to pH 7.5.

Strain Growth (pH 7.5) Strain Growth (pH 7.5)
Wild type ���a T752C ���
Vector –b Q756C ���
Cys-less ��� F761C ���
G602C ��� G766C ���
G620C ��� T770C ���
L638C ��c A779C ���
I645C ��� T781C ���
L648C ��� A783C ���
S670C ��� L787C ���
S703C ��� M794C ��
D707C ��� R799C ��
D710C ��� E804C ���
C723 ��� S807C ���
C726 ��� G814C ���
L734C ��� S833C ���
A744C �� S840C ���
S748C ���

a���, corresponds to wild-type growth.
b �, no growth.
c��, corresponds to good growth.
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segment, at a protein-protein interface or buried within the
tertiary structure of the protein. Modification by PEG-Mal is
detected by a shift in mobility of the Vph1p band due to the

attachment of the PEGmoiety (30), which in turn is detected by
Western blot analysis using the monoclonal antibody specific
for Vph1p. The predicted labeling pattern that should be
obtained by first treating vacuolarmembranes in the absence or
presence of NEM, followed by incubation with or without SDS
and concluding with treatment by PEG-Mal is shown in Fig. 3.
As can be seen from the results presented in Fig. 4, each of

the single cysteine-containing mutants of Vph1p show one of
the three predicted labeling patterns shown in Fig. 3. For the
mutants S670C, S703C, D707C, and D710C, a cytoplasmic-la-
beling pattern is observed (Fig. 4a), consistent with the loop
between TM6 and TM7 having a cytoplasmic orientation (Fig.
5). Similarly, for mutants S807C, G814C, S833C, and S840C, a
cytoplasmic labeling pattern is also observed (Fig. 4a), consist-
ent with the C-terminal tail of Vph1p having a cytoplasmic
orientation. By contrast, for mutants G602C, G620C, A744C,
S748C, T752C, Q756C, and F761C, a lumenal pattern of label-
ing is observed (Fig. 4c), suggesting the presence within the
vacuole of both the loop between TM5 and TM6 and the loop
between TM7 and TM8. Finally, for mutants L638C, I645C,
L648C, C723, C726, L734C, G766C, T770C, A779C, T781C,
A783C, L787C, M794C, R799C, and E804C, a labeling pattern
consistent with their presence within the membrane or in an
otherwise sequestered location is observed (Fig. 4b). These
results are summarized in the topological model of subunit a
shown in Fig. 5.

DISCUSSION

Subunit a is thought to play two crucial roles in the mecha-
nism by which V-ATPases transport protons (1). First, it allows
protons to gain access to buried glutamic acid residues on the
ring of proteolipid subunits from the cytoplasmic side of the
membrane and to exit from these sites to the lumenal (or extra-
cellular) side of the membrane via “hemi-channels.” Originally
proposed for the a subunit of the F-ATPase (23, 37–39, 47),
each hemi-channel extends only partway across themembrane,
necessitating rotation of the proteolipid ring relative to subunit
a to complete the proton conductance pathway. Second, sub-
unit a contains a key buried arginine residue (Arg-735 in
Vph1p) that is proposed to interact with the buried glutamic
acid residues in the proteolipid ring, stabilizing them in the
negatively charged state, and thus displacing the previously
bound protons into the lumenal hemi-channel (1, 12). Muta-
tion of Arg-735 to any residue, including lysine, results in com-

plete loss of proton transport (12),
suggesting that it plays a role similar
to that of Arg-210 in the E. coli
F-ATPase a subunit (37–39).
Mutagenesis studies of Vph1p

also identified a number of charged
residues in the C-terminal domain
of subunit a whose mutation, while
not completely inhibiting proton
transport, nevertheless significantly
reduced it (12, 19, 20). These resi-
dues included His-729, His-743,
Glu-789, and Arg-799. Interest-
ingly, the R799C mutation con-

FIGURE 2. Effect of mutations in Vph1p on concanamycin-sensitive ATPase
activity and concanamycin-sensitive, ATP-dependent proton transport in
isolated vacuolar membranes. Vacuolar membranes were isolated from the
yeast strain MM112 (disrupted in the endogenous VPH1 and STV1 genes)
expressing either a wild-type form of Vph1p (WT), the pRS316 vector alone (Vec-
tor), the Cys-less form of Vph1p (Cysless) or the indicated single cysteine-contain-
ing mutants of Vph1p. ATPase activity (solid bars) was measured using a contin-
uous spectrophotometric assay, and ATP-dependent proton transport (open
bars) was measured as the rate of change of fluorescence using the pH-sensitive
dye ACMA in the presence or absence of 1 �M concanamycin as described under
“Experimental Procedures.” Values are expressed relative to vacuolar mem-
branes expressing wild-type Vph1p. Concanamycin-sensitive ATPase activity for
wild-type vacuolar membranes was 1.12 �g/min/mg protein. Values represent
the average of at least two measurements on two independent vacuolar mem-
brane preparations, with the error bars corresponding to the S.E.

FIGURE 3. Theoretical Western blot pattern predicted for the cysteine accessibility assay. Vph1p mutants
containing single cysteine residues either exposed to the cytoplasm (left panel), sequestered within the mem-
brane (center panel), or exposed to the lumen (right panel) of sealed vacuolar membranes are predicted to show
the indicated labeling patterns following sequential treatment in the presence or absence of NEM, the pres-
ence or absence of SDS and the presence of PEG-mal. Cysteines exposed to the cytoplasmic surface are mod-
ified by PEG-mal (and hence show a shift to lower mobility) in the absence of SDS and NEM but do not show this
shift on pretreatment with NEM. Cysteines buried within the membrane (or otherwise shielded from modifi-
cation) cannot be modified by either PEG-mal or NEM in the absence of SDS. Cysteines exposed on the lumenal
surface of the membrane cannot be modified by PEG-mal in the absence of SDS but can be modified by NEM
in the absence of SDS, resulting in pretreatment with NEM preventing the shift in mobility observed with
PEG-mal in the presence of SDS.
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structed in the present study gives a complex with wild-type
levels of proton transport (Fig. 2), although mutation to lysine
gave a complex possessing only 5% of wild-type proton trans-
port activity (12). Mutation to other residues (Ala and Leu)
disrupted assembly of the complex (12). These results suggest
that a charged residue at this position is not essential and can
even be detrimental to proton transport. To function in the
proposed hemi-channels, these charged residues would need to
be located within membrane spanning segments, but evidence
for their presence within the membrane was largely lacking.
Our current model for the topology of subunit a, shown in

Fig. 5, placesHis-729 in TM7 andGlu-789 andArg-799 in TM8
within themembrane and on the cytoplasmic side of the critical
Arg-735. These residues may therefore contribute to a cyto-
plasmic hemi-channel. Other charged residues that might
contribute to such a cytoplasmic hemi-channel or be located
near its opening would be His-718, Glu-721, and His-796. By
contrast, His-743 is predicted to be near the lumenal border
of TM7 and may therefore contribute to a lumenal hemi-
channel. The location of Arg-735 within the membrane is
supported by the ability to form zero-length cross-links
between cysteine residues introduced near Arg-735 in sub-

unit a and cysteine residues near
the critical buried glutamic acid
residues in TM4 of subunit c� or
TM3 of subunit c� (40, 41).

It is of interest to compare the
location of putative hemi-channel
residues in the V- and F-ATPase
subunit a. For the F-ATPase subunit
a, the critical arginine residue (Arg-
210) is closer to the cytoplasmic
than the lumenal end of the penulti-
mate transmembrane helix (TM4)
(42, 43) A negatively charged resi-
due in the same helix (Glu-219 in
TM4) and a positively charged res-
idue (His-245) in TM5, as well as a
number of polar residues (for
example Ser-144 in TM3) appear
to contribute to the lumenal hemi-
channel (42, 43). The cytoplasmic
hemi-channel has been proposed to
be formed largely by residues at the
external surface of TM4, including
Arg-210, Ser-206, and Lys-203 (43).
By contrast, Arg-735 of Vph1p is
slightly closer to the lumenal than
the cytoplasmic end of TM7 (Fig. 5).
In addition, both His-729 in TM7 as
well as Glu-789 and Arg-799 in
TM8 are located on the cytoplasmic
side of Arg-735. Of the important
buried charged residues, only His-
743 in TM7 may reside between
Arg-735 and the lumenal surface.
This suggests that the longer and
more diversely charged hemi-chan-

nel in the V-ATPase subunit a may be the cytoplasmic hemi-
channel, in contrast to the F-ATPase subunit a.
In addition to the above differences, TM8 of the V-ATPase

subunit a, which is nearly forty residues in length, is much lon-
ger than the longest of the F-ATPase subunit a transmembrane
helices, which is �25 residues in length (42). This suggests that
either TM8 has a substantial tilt relative to perpendicular to the
membrane or that the cytoplasmic or lumenal ends of TM8 are
sequestered from contact with the aqueous phase. If TM8
extends into the cytoplasmic space, it may interact with the V1
domain. One precedent for an ATP-driven ion pump that con-
tains a transmembrane helix possessing a long cytoplasmic
extension is the (Ca2�)-ATPase. In that case, one of the critical
transmembrane segments that contains residues essential for
Ca2� binding (TM5) extends �60 Å (40 residues) from the
lumenal side of the membrane to well into the cytoplasmic
space (44). TM5 of the (Ca2�)-ATPase functions to convey
conformational information between the Ca2� binding sites
located within the membrane, and the ATP binding sites
located in the cytoplasmic domains. It is possible that TM8 of
subunit a of the V-ATPase may similarly convey information
between the cytoplasmic V1 domain (or regulators that bind to

FIGURE 4. Modification of Vph1p mutants containing single cysteine residues by PEG-mal following
sequential treatment in the presence or absence of NEM and the presence or absence of SDS. Vacuolar
membranes were isolated from the yeast strain MM112 (disrupted in the endogenous VPH1 and STV1 genes)
expressing either the Cys-less form of Vph1p (Cysless) or the indicated single cysteine-containing mutants of
Vph1p. 200 �g of vacuolar membrane protein were split into two samples and treated sequentially in the
presence or absence of NEM, the NEM removed, and the samples split again and treated in the presence or
absence of SDS followed finally by treatment with PEG-mal, separation of samples on SDS-PAGE and Western
blotting using the monoclonal antibody 10D7 against Vph1p as described under “Experimental Procedures.”
Modification of Vph1p by PEG-mal results in a shift in a portion of the Vph1p band by 5–10 kDa. Panel a, the
Cys-less Vph1p and cysteine mutants of Vph1p showing a cytoplasmic labeling pattern (see Fig. 3). Panel b,
cysteine mutants of Vph1p showing a labeling pattern consistent with localization in a transmembrane seg-
ment or in some other location inaccessible to modification by either NEM or PEG-mal in the absence of SDS.
Panel c, cysteine mutants of Vph1p showing a lumenal labeling pattern.
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it), and the proton translocation pathway that is in part formed
by residues on TM8. The absence of such an extended helix in
the F-ATPase subunit a is consistent with the more complex
regulatory behavior observed for the V-ATPases (1).
Our previous model for the folding of subunit a was based

upon hydropathy analysis and differential labeling of intro-
duced cysteine residues to the membrane permeant reagent
biotin-maleimide and the membrane impermeant reagent
AMS (15). The model proposed nine transmembrane helices,
with the large N-terminal domain located in the cytoplasm and
the C terminus located in the lumen, differing from the current
model in proposing the existence of a ninth transmembrane
segment and in the location of the C terminus and the borders
of TM7 and TM8. Accessibility of cysteines to AMS in intact
vacuoles indicated a cytoplasmic orientation for the large
N-terminal domain, the loop between TM2 and TM3 that
included residues Asn-447 and Lys-450 and the large loop pre-
ceding TM7 that included Ser-703 (see Fig. 5). Consistent with
the latter assignment, trypsin was shown to cleave the bovine-
coated vesicle V-ATPase a subunit in the same hydrophilic loop

preceding TM7.3 In addition, the
accessibility of tandem factor Xa
protease sites introduced after resi-
due 560 to factor Xa cleavage in
intact vacuolar membranes indi-
cated the loop between TM4 and
TM5 is also cytoplasmic (15). Two
cysteine residues showed a labeling
pattern consistent with a lumenal
orientation. BothG602C and S840C
reacted poorly with AMS unless the
membrane had first been permeabi-
lized with a low concentration of
Zwittergent. In the presence of
Zwittergent, both residues readily
reacted with AMS (15). While the
results of the current study are in
agreement on the lumenal location
of Gly-602, they differ in the loca-
tion of the C terminus of subunit a.
Four cysteine residues in this
region, including S807C, G814C,
S833C, and S840C show clear mod-
ification by PEG-Mal in intact vacu-
olarmembranes (Fig. 4a), indicating
a cytoplasmic orientation. A cyto-
plasmic orientation of the C-termi-
nal tail is also in agreement with
previous studies showing that the C
terminus of subunit a is able to bind
the glycolytic enzyme phosphofruc-
tokinase, as demonstrated by co-im-
munoprecipitation (24), and that a
GFP tag attached at the C terminus
of subunit a from Dictyostelium can
be proteolytically removed in intact
endosomes (25). The former result
does not rule out an extracellular

orientation for the C terminus of subunit a as a number of
cytoplasmic proteins (such as HSP90) have been shown to be
released into the extracellularmedium (45). In addition, attach-
ment of epitope tags has led to conflicting results on the topol-
ogy of membrane proteins (for a discussion of the divergent
results obtained from epitope-tagging studies of the F-ATPase
subunit a, see reference 46). Nevertheless, the current results
support a model in which the C terminus of subunit a is cyto-
plasmic. Such an orientation also more readily explains the
observation that mutations at a variety of residues in the C-ter-
minal tail, including Leu-800, Trp-802, Val-803, Phe-809, and
Gly-814 appear to disrupt assembly of V1 and V0 (19, 20), sug-
gesting that the C-terminal tail may function in the interaction
between these two domains, as suggested above. Although the
reason for the failure of AMS to react with the S840Cmutant in
intact vacuolar membranes is not clear, it is possible that
because this is the C-terminal most residue in the protein, and

3 I. Adachi and M. Forgac, unpublished observations.

FIGURE 5. Topological model of the yeast subunit a (Vph1p). Folding diagram of the yeast V-ATPase subunit
a (Vph1p) based upon previous data (15), hydropathy analysis, and the results presented in the current work.
Residues shown in open squares correspond to those cysteines showing a cytoplasmic labeling pattern (Fig.
4a). Residues shown in open circles correspond to cysteines whose labeling pattern is consistent with their
presence in a transmembrane segment or in a location which prevents their reaction with NEM or PEG-mal in
the absence of SDS (Fig. 4b). Residues shown in black boxes correspond to cysteines showing a lumenal labeling
pattern (Fig. 4c). Residues shown in shaded boxes correspond to residues previously shown to have a cytoplas-
mic orientation (15). Residues shown in shaded circles correspond to buried charged residues whose mutation
reduces (but does not eliminate) ATP-dependent proton transport by the V-ATPase. Arg-735 (shown as a black
circle) corresponds to the buried arginine residue that is essential for ATP-dependent proton transport. Also
shown is the site at position 560 where introduction of a factor Xa cleavage site resulted in sensitivity of the
mutant Vph1p to cleavage by factor Xa protease from the cytoplasmic side of the membrane (15). The resulting
model shows eight transmembrane segments with both the N and C terminus of the protein exposed to the
cytoplasmic side of the membrane.
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therefore bears an additional negative charge, this may retard
its reactivity toward the negatively charged reagent AMS. Nev-
ertheless, the current data support a model of subunit a con-
taining eight transmembrane helices.
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