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The proton pumping activity of the eukaryotic vacuolar
ATPase (V-ATPase) is regulated by a unique mechanism that
involves reversible enzyme dissociation. In yeast, under condi-
tions of nutrient depletion, the soluble catalytic V1 sector disen-
gages from the membrane integral Vo, and at the same time,
both functional units are silenced. Notably, during enzyme dis-
sociation, a single V1 subunit, C, is released into the cytosol. The
affinities of the otherV1 andVo subunits for subunit C are there-
fore of particular interest. TheC subunit crystal structure shows
that the subunit is elongated and dumbbell-shaped with two
globular domains (Chead andCfoot) separated by a flexible helical
neck region (Drory, O., Frolow, F., andNelson, N. (2004) EMBO
Rep. 5, 1148–1152). We have recently shown that subunit C is
bound in the V1-Vo interface where the subunit is in contact
with two of the three peripheral stators (subunit EG het-
erodimers): one via Chead and one via Cfoot (Zhang, Z., Zheng, Y.,
Mazon,H.,Milgrom, E., Kitagawa, N., Kish-Trier, E., Heck, A. J.,
Kane, P. M., and Wilkens, S. (2008) J. Biol. Chem. 283, 35983–
35995). In vitro, however, subunit C binds only one EG het-
erodimer (Féthière, J., Venzke, D., Madden, D. R., and Böttcher,
B. (2005) Biochemistry 44, 15906–15914), implying that EG has
different affinities for the two domains of the C subunit. To
determine which subunit C domain binds EG with high affinity,
we have generated Chead and Cfoot and characterized their inter-
action with subunit EG heterodimer. Our findings indicate that
the high affinity site for EGC interaction is Chead. In addition, we
provide evidence that the EGChead interaction greatly stabilizes
EG heterodimer.

The vacuolar ATPase (V-ATPase; V1Vo-ATPase)2 is a ubiq-
uitous multisubunit enzyme that couples the free energy of
ATP hydrolysis to active proton transport. In all eukaryotic
cells, V-ATPase function sets up an electrochemical potential
and acidifies intracellular compartments (1–5). These func-
tions make the V-ATPase a crucial enzyme involved in intra-
cellular traffic, vesicular transport, endo/exocytosis, and pH
homeostasis. In the specialized cells of higher eukaryotes,
plasma membrane-associated V-ATPases serve to acidify the

extracellular space. The malfunction of the V-ATPase in these
cells has been linked to a range of diseases including osteopo-
rosis, diabetes, renal tubular acidosis, and cancer (6–9). As
shown in EM images and reconstructions, the V-ATPase is
bilobular in overall structure, typical of the rotary ATPases
(10–13). These two lobes are composed of distinct functional
domains, a soluble catalytic sector, V1, and amembrane inte-
gral proton pore, Vo. The V1 sector contains subunits
A3B3(C)DE3FG3H, and the Vo is made of ac3–4c�c�de. Most
V-ATPase subunits have functional and structural counter-
parts in the A- and F-type motors; however, only the nucleoti-
de-binding and proteolipid subunits share significant sequence
identity. Much like in the F-ATP synthase, the AB subunits
come together in an alternating arrangement to form a catalytic
hexamer with nucleotide-binding sites located at the AB inter-
faces (14, 15). ATP hydrolysis-driven rotation of a central rotor
domain, composed of subunits DFd and a ring of the proteo-
lipid subunits, c3–4c�c�, is coupled to proton translocation along
the interface of the proteolipid ring and the C-terminal domain
of the a subunit. During catalysis, three peripheral stalks (each
formed by a subunit EG heterodimer) in conjunction with sub-
units C and H and the N-terminal domain of subunit a (aNT),
resist the torque of rotation, thus keeping the A3B3 hexamer
static and allowing for rotation to be productive.
Unlike F-ATPase, the activity of eukaryotic V-ATPase is reg-

ulated by a unique mechanism of reversible dissociation, a
process first described for the enzymes from yeast and insect
(16, 17) but more recently also found in cells of higher animals
(18–20). In yeast under conditions of nutrient deprivation, the
V1 sector dissociates from the Vo sector, and both are function-
ally silenced (21, 22). Although dissociated, a single V1 subunit,
C, is released into the cytosol and is reincorporated into the
enzyme upon nutrient readdition (16). Because the C subunit
has been proposed to be a molecular switch for controlled
enzyme dissociation, the interactions between the C subunit
and its intraenzyme binding partners are of particular interest.
The crystal structure of the Saccharomyces cerevisiae C sub-

unit revealed an elongated bone-shaped molecule with two
globular domains separated by an � helical coiled coil region
(23). One of the globular domains, termed the “foot” domain
(Cfoot), encompasses the N and C termini of the protein (resi-
dues 1–151 and 287–392), whereas the other globular domain,
known as the “head” (Chead), includes residues 166–263. The �
helical neck domain includes amino acids 152–165 and 264–
286. In vivo cross-linking showed that both Cfoot and Chead are
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in proximity to subunits E and/or G (24). Cross-links were
formed between Cfoot and both the E and a subunits, whereas
Chead cross-linked to both E and G. This interaction between
EG and C has been shown to be mediated by the N termini of
the EG heterodimer (25, 26). Subsequently, immunoelectron
microscopy was employed to localize the C subunit within the
holoenzyme (27). In accord with the earlier cross-linking study,
the C subunit was found to reside at the V1-Vo interface, paral-
lel to the plane of the membrane and in an orientation consis-
tent with one EG binding to each of its ends, an arrangement
also seen in recent three-dimensional EM reconstructions of
the yeast and insect V-ATPase (11–13).
In contrast to the above in vivo experiments, reconstitution

and co-expression studies involving EG and the C subunit have
shown that subunit C binds only one subunit EG heterodimer
in vitro (12, 28). Combined, these data suggest that the two
different EG heterodimers contacting Cfoot and Chead have dif-
ferent affinities for binding the C subunit globular domains.
Because subunit C is released from the enzyme during dissoci-
ation, the differential affinities for EG may play an important
role in the mechanism of regulation by reversible dissociation.
Herewe have generated isolatedCfoot andChead domains and

studied their interaction with subunit EG heterodimer. The
data show that the high affinity interaction between subunit C
and EG is mediated by Chead and that the interaction of Chead
or full-length C subunit with EG greatly stabilizes the
heterodimer.

EXPERIMENTAL PROCEDURES

Materials—All of the reagents and buffer components were
of analytical grade. Restriction endonucleases were from New
England Biolabs. PreScission protease and the QuikChange kit
were from GE Healthcare and Stratagene, respectively.
Plasmid Construction—The Vma5 (subunit C) gene from S.

cerevisiae in a pMal-c2e plasmid (New England Biolabs) with a
PreScission protease cleavage site in place of the native
enterokinase site (Vma5pMalPPase) was a kind gift of
Dr. Patricia Kane and Sheena Claire Li (SUNYUpstateMedical
University). The head domain (Chead) was constructed using
the above as a template for site-directed mutagenesis employ-
ing the Stratagene QuikChange kit. The primers used were:
M5�1–157 forward, GACAAGGTACCGGAATTCGGATC-
CATGAACTTGGCTGC; M5�1–157 reverse, CTTTCTCTC-
AGCAGCAGCCAAGTTCATGGATCCGAATTC; M5A278stop
forward, GAGCATGACTCTGCTTAGAGTTTAGAAC-
AATCTTTGCGCG; and M5A278stop reverse, GATTGT-
TCTAAACTCTAAGCAGAGTCATGCTCTTTTTTCAA-
CTC. The resulting protein product encompasses amino acids
158–277. The C subunit foot domain (Cfoot) was constructed
using Vma5pMalPPase as a template for fusion PCR wherein
the regions of the gene corresponding to the C subunit N and C
termini were fused together via a four-amino acid flexible
linker (GAAA). The restriction enzyme cut sites 5� KpnI and
3� HindIII were introduced in the primer sequence for liga-
tion into pMalPPase. The primers used were: M51–151 for-
ward, GCTCA GGTAC C G GCTACTG CGTTATATAC
TGCAAAC; M51–151 reverse, TGC GGC GGC TCC ATT
TGCATAAGTA GCTCTGACGT C; M5287–392 forward,

GGAGCCGCCGCACAGTTGGTAAGATTGGCCAAGA
C; and M5287–392 reverse, CGAGTC AAGCT T TTATA-
AATT GATTATATAC ATCACAAATG. The underlined
sequences correspond to the linker sequence.
Construction of the plasmid for expression of subunits E and

Gwill be described elsewhere.3 Briefly, the open reading frames
for Vma10p (G) and Vma4p (E) separated by a Shine-Dalgarno
sequence in a pBAD vector (kindly provided by Dr. Patricia
Kane, SUNY Upstate Medical University) were PCR-amplified
to introduce 5� KpnI and 3� PstI restriction sites. The amplified
bicistronic gene construct was ligated into T-vector (Promega)
from where it was excised and ligated into the modified pMal-
c2e plasmid. The resultant construct yields subunit G with an
N-terminalMBP tag and untagged subunit E. The sequences of
all of the constructs were verified by DNA sequencing at the
SUNYUpstateMedical University Core DNA sequencing facil-
ity using the MalE primer (New England Biolabs).
Protein Expression and Purification—All of the proteins in

this study were expressed in Escherichia coli strain Rosetta2
grown to mid-log phase in RB medium supplemented with
ampicillin (100 �g/ml) and chloramphenicol (34 �g/ml). Pro-
tein expression was induced with 0.5 mM isopropyl �-D-thioga-
lactopyranoside (1 mM in the case of EG) for 6 h at 30 °C. All
of the proteins were purified using amylose affinity chroma-
tography followed by cleavage with PreScission protease.
Briefly, the cells were harvested by centrifugation, resus-
pended in 200 mM NaCl, 20 mM Tris, and 1 mM EDTA, pH
7.4, and lysed by sonication. Lysate was cleared by centrifu-
gation at 12,000 � g and passed over an amylose affinity
column. Bound protein was eluted in 25 ml of 200 mM NaCl,
20 mM Tris, 1 mM EDTA, and 10 mM maltose, and the MBP
tag was cleaved with PreScission protease for 2 h in presence
of 5 mM dithiothreitol according to the manufacturer’s
instructions. The pH of the protease cleavage product was
adjusted to the isoelectric point (pI) of the C subunit (or its
domains) by dialysis and passed over an anion exchange
(DEAE) column for removal of MBP. The isolated protein
was then dialyzed to readjust the pH away from the pI, con-
centrated, and subjected to size exclusion chromatography
for further purification. The EG-MBP cleavage product was
purified using cation (carboxy methyl) followed by anion
(DEAE) exchange chromatography with subsequent gel fil-
tration. This purification strategy removed both MBP and
any excess G subunit from the complex.
Complex formation between subunit C (domains) and EG

was accomplished by reconstitution of purified proteins fol-
lowed by size exclusion chromatography. Protein concentra-
tion was determined by measuring absorbance at 280 nm �
guanidinium HCl on a Varian Cary spectrophotometer. Scans
were taken from 400 to 200 nm with base-line correction. Pre-
diction of pI and estimation of protein charge versus pH was
done using the Scripps protein calculator. Structure analysis
including distance measurement was done using the Chimera
package from the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco
(29) and Wincoot (30) software.

3 L. S. Parsons and S. Wilkens, unpublished observations.
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Circular Dichroism Spectroscopy—Far UV CD spectra were
recorded on an Aviv 202 Spectrometer in 25 mM sodium phos-
phate, 0.5 mM EDTA, pH 7.0 (pH 7.5 for Chead). Wavelength
scans were taken from 250 to 195 nm at 25 °C for the C subunit
and Cfoot and 20 °C for Chead. The same wavelength range was
used for EG, but data were collected at 10 °C. The thermal sta-
bilities of EG, C, Cfoot, Chead, EGC, and EGChead weremeasured
at 222 nm. A 0.1-cm-path length cuvette was used for C, EG,
and EGChead, whereas a 0.2-cm-path length cuvette was used
for Cfoot, Chead, and CEG measurements. The spectra shown
were plotted as meanmolar ellipticity (�) as a function of wave-
length or temperature. Apparent unfolding temperatures were
estimated by fitting the melting curves with a two-state transi-
tion equation (31).
Isothermal Titration Calorimetry—The thermodynamics of

the EG interaction with subunit C, Cfoot, and Chead were exam-
ined using aMicrocal VP-ITC isothermal titration calorimeter.
Each experiment was carried out in 25 mM sodium phosphate,
0.5 mM EDTA, pH 7.0, at 10 °C with EG in the cell and subunit
C, Cfoot, or Chead in the syringe. Briefly, a known concentration
of ligand (C, Cfoot, or Chead) was titrated into a fixed concentra-
tion of EG. Blank experiments (C, Cfoot, and Chead into buffer)
were subtracted from titration experiments to negate any heats
of dilution. The datawere analyzed using theVP-ITCprograms
in Originlab.
Analytical Gel Filtration Chromatography—Purified EG, C,

Cfoot, and Chead were run individually on an H/R S75 1.6 � 50
cm column attached to an AKTA fast protein liquid chromato-
graph (GE Healthcare). The column was calibrated using blue
dextran, albumin, green fluorescent protein, RNase A, and
insulin. The ability of EG to forma complexwithChead andCfoot
was examined bymixing the purified proteins and passing them
over the column. Complex formation was assessed by a shift in
elution volume and confirmed by SDS-PAGE.
Native Agarose Gel Electrophoresis—Native agarose gel elec-

trophoresis was used to examine the interactions between the
EG heterodimer and subunit C, Chead, and Cfoot (30 �g each). A
2% (w/v) agarose gel (20 mM acetic acid, 40 mM Tris, pH 8.25)
was run at 100 V for 2 h at 4 °C. The gel was fixed for 30 min
(25% isopropanol, 10% acetic acid) and subsequently washed
three times in 95% ethanol. The gel was flattened on a slab dryer
set to 80 °C (gradient heat) for 2 h and stained for 30 min in
Coomassie G and destained in fixing solution. For second
dimension SDS-PAGE analysis, the bands were excised, soaked
in SDS gel loading buffer, and resolved on SDS-PAGE gels.
Limited Proteolysis—Limited trypsin proteolysis was carried

out with the EG heterodimer in the absence or presence of
subunit C or Chead domain. Trypsin (5�g/ml) was added to EG,
EGC, andEGChead (20�M) incubated at room temperature, and
time points were taken at 0, 5, 10, 20, 30, and 50 min. At each
time point, the reaction was stopped by the addition of 1 mM

phenylmethylsulfonyl fluoride and placed immediately on dry
ice.
Mass Spectrometry—Electrospray Ionization Time-of-Flight

Mass Spectrometry was used to verify the masses of expressed
subunits and subunit domains. The proteins were dissolved in
50/50/0.1 acetonitrile:water:formic acid and manually injected
into the Z-spray source of a Waters Q-TOF Micro mass spec-

trometer. Mass calibration was performed with 1% phosphoric
acid.
Analytical Ultracentrifugation—BecauseChead eluted as twice

its molecular mass using analytical gel filtration, sedimentation
velocity analytical ultracentrifugation was employed to deter-
mine the molecular mass of Chead in solution. Three different
concentrations were used for measurements to determine
whether any concentration-dependent oligomerization would
occur. Samples of Chead (156, 95.6, and 26.4 �M) in 25 mM

sodium phosphate, pH 7.0, were run on a Beckman XL-A ana-
lytical ultracentrifuge at 20 °C. The samples were run in a
12-mm-path length cell and measured from 200 to 310 nm at
50,000 rpm. The data were analyzed and fit to a continuous
(c(s)) distribution model using the SEDNTERP and SEDFIT
software.

RESULTS

Previously, Féthière et al. (28) have shown that subunits E, G,
and C are able to form a 1:1:1 complex in vitro. In vivo cross-
linking on the other hand showed that in the intact V-ATPase
complex, bothChead andCfoot were in proximity to EG subunits
(24), an arrangement subsequently confirmed and further
defined by electron microscopy and three-dimensional image
reconstruction (11–13) (a schematic of the subunit arrange-
ment in the V-ATPase is shown in Fig. 1). Based on EM and
small angle x-ray scattering studies, we (11) and others (12)
speculated that binding of EG toC is likely viaCfoot. Because the
C subunit dissociates from the complex during controlled
enzyme dissociation, the affinity and nature of its interactions

FIGURE 1. Schematic of the yeast V-ATPase subunit arrangement. The
subunits labeled in capital letters belong to the catalytic V1 sector, whereas
those in lowercase letters are part of the membrane integral Vo. Details of the
functional roles of each subunit can be found in the Introduction. The posi-
tion and interactions within the holoenzyme between the C subunit (Cfoot
and Chead) and the EG heterodimers are shown. As discussed throughout the
text, one of these two EG stator contacts is lost in vitro. In addition to their role
of holding the catalytic hexamer static during enzyme rotation, the stator
subunits act as a structural bridge between V1 and Vo. The C termini of the
three peripheral stalks (subunits EG) make contacts with each of the three B
subunits, whereas contacts with C, H, and aNT are mediated by the N termini.
Two of the three EG heterodimers are in contact with the C subunit, with one
EG heterodimer in proximity to both Cfoot and the soluble N terminus of sub-
unit a (aNT) and another in contact with Chead.
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with other subunits in the holoenzymemay give us insight into
the mechanism of activity regulation by reversible dissociation.
Here we have constructed the isolated C subunit head and foot
domains tomore closely examine the interactions between sub-
unit C and the EG heterodimer.
Construction, Expression, and Purification of Subunits and

Domains—All of the V-ATPase subunits and subunit domains
used in this work were expressed in E. coli as N-terminal MBP
fusions. The full-length C subunit, in a modified pMAL vector
(Vma5 pMAL-PPase), was used as a template for construction
of the head and foot domains. The crystal structure of the yeast
C subunit (Protein Data Bank entry 1u7l) (23) shows that the
molecule is folded as an elongated hairpin with a long helical
region (neck), flanked by two globular domains (Cfoot andChead;
Fig. 2, A and B). Cfoot is formed by the N and C termini, which
encompasses amino acids 1–151 and 287–392. A distance of
�10.4 Å was measured between the � carbons of Asn151 and
Gln287, the ends of the two polypeptides that make up the foot
domain. Fusion PCR was employed to fuse these two polypep-
tides together via a four-amino acid flexible linker (GAAA).
The head domain (Chead) was previously designated to be com-
posed of amino acids 166–263 (23). However, the C subunit
crystal structure shows that this domain is connected to the
neck domain via two long loops with a measured distance of
�19 Å between � carbons. To ensure that the head domain
would be folded as in the full-length subunit, part of the neck
domain was incorporated into the construct used here. Briefly,
the distance between � carbons of the amino acids of the neck
domain � helices, nearest the head domain, was measured to
find the shortest distance between residues. This approach was
used to define a site at which to truncate the C subunit for
construction of Chead. The shortest distance (�5 Å) was mea-
sured between Asn158 and Ala277, and these two amino acids
were thus chosen as the cut site. Briefly, site-directedmutagen-
esis was employed to delete the first 157 amino acids from theC
subunit pMAL-PPase as well as to introduce a stop codon in
position 278. The C subunit primary amino acid sequence
labeledwith the constructs described here and shaded tomatch

the corresponding residues in the crystal structure is shown in
Fig. 2 (A andB). Full-length subunit C, Cfoot (amino acids 1–151
and 287–392) andChead (amino acids 158–277) were expressed
in E. coli strain Rosetta2, which carries a pRARE plasmid under
chloramphenicol selection. For removal of the cleaved tag, all of
three proteinswere brought to their predicted isoelectric points
(pI) and passed over anion exchange resin. The predicted pI of
both C and Cfoot is 6.5 and that of Chead is 6.0. At pH 6–6.5,
MBP is negatively charged (predicted charge �6.5 to �8) and
binds to DEAE, whereas subunit C and its domains can be col-
lected from the flow through and wash steps. All three were
subjected to gel filtration as a final purification step.
The E and G subunits have been shown to form stable het-

erodimers in vitro when co-expressed in E. coli from a bicis-
tronic vector (32). In the current study, we used a similar
approach to generate heterodimeric EG complex. The coding
sequences for both subunits, separated by a Shine-Dalgarno
sequence, were introduced into the pMAL-PPase vector, with
N-terminallyMBP tagged subunit G first, followed by untagged
E. After protease cleavage, the complex was applied to a cation
exchanger to remove the MBP tag with subsequent anion
exchange for removal of any excess freeG subunit. Gel filtration
was used for further purification of the heterodimer.
PreScission protease cleavage of MBP tags resulted in the

N-terminal linker sequenceGPKVP (plus ESGS from the vector
in the case of C and Chead). A representative SDS-PAGE gel
showing purified C, Cfoot, Chead, and EG is shown in Fig. 2C (for
gel filtration elution profiles, see Figs. 3A and 5).
Characterization of C SubunitHead andFootDomains—The

isolated domains of the C subunit, Cfoot and Chead, were char-
acterized with respect to the full-length subunit. Apparent
molecular masses were estimated by size exclusion chromatog-
raphy (see below) and corroborated by Quadrupole TOF mass
spectrometry (spectra not shown). According to themass spec-
trometry data, the predictedmolecular masses correspond well
with those observed; for the full-length C subunit 44,955 Da
was observed (44,896 Da predicted), for Cfoot 29615 Da was
observed (29611 Da predicted), and for Chead 14,564 Da was
observed (14,537 Da predicted). All of the predicted molecular
masses include the protease linker sequence. Analytical gel fil-
tration gave molecular masses very close to those predicted for
both Cfoot (29.6 kDa predicted, 34.6 kDa observed) and the full-
length subunit (44.8 kDa predicted, 49.2 kDa observed) (Fig.
3A). Possibly because of its elongated nature, Chead eluted at a
molecular mass close to twice its expected value (14.5 kDa pre-
dicted, 26.5 kDa observed). All three proteins, however, elute as
symmetrical peaks, indicative of monodisperse preparations.
To determine whether Chead existed as a monomer or dimer,
sedimentation velocity analytical ultracentrifugation was per-
formed (data not shown). At the three concentrations tested,
Chead sedimented as a single specieswith a calculatedmolecular
mass of�15.5 kDa, thus confirming that the proteinwas indeed
monomeric in solution.
Far UV Circular Dichroism Spectroscopy—Far UV circular

dichroism spectroscopy was employed to confirm that the C
subunit domains are properly folded and contain the appropri-
ate secondary structural elements. Fig. 3B shows CD spectra of
full-length C subunit as well as Chead and Cfoot. Overall, the CD

FIGURE 2. C subunit domain constructs used in this study. A, schematic
representation of the primary amino acid sequence of the V-ATPase C subunit
with the head (Chead) and foot (Cfoot) domains indicated. Cfoot encompasses
the N and C termini of the subunit, whereas Chead is located in the center of
the primary sequence. The Chead assignment used here differs from that in
Drory et al. (23) in that it includes residues of the so-called neck because of
concerns over proper folding of the isolated domain. B, the 1.75 Å resolution
crystal structure of the C subunit (Protein Data Bank entry 1u7l) with domains
shaded to match the primary sequence in A. C, SDS-PAGE showing the puri-
fied proteins used in this study. All of the proteins were expressed as MBP
fusions followed by cleavage of the tag and purified as described under
“Experimental Procedures.” From left to right, molecular mass standards, C
subunit (C), Cfoot (Cf), Chead (Ch), and EG complex (E and G).
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data for the full-length C subunit agree well with the previously
published spectra (33). Secondary structure content per amino
acid was counted from the C subunit crystal structure for C,
Chead, andCfoot (23). Both the full-length protein andCfoot have
approximately the same secondary structure content per amino
acid, whereas Chead has considerably more � sheet character.
This is reflected in the CD spectra (Fig. 3B), where minima at
208 and 222 nm are indicative of � helices (C and Cfoot), and a
strong minima at 208 nm reflects high � sheet content (Chead).
All three proteins were also examined for thermal stability
using CD (Fig. 3C). The full-length C subunit and Cfoot had
sharp, steep two-state melting transitions, indicating that the

preparations are homogeneous and that thermal unfolding is
highly cooperative. Both were found to be reasonably thermally
stable with apparentmelting temperatures (Tm) of 58 and 53 °C
for the full-length C subunit and Cfoot, respectively. In contrast,
no transition was observed for Chead up to a temperature of
95 °C (data only shown to 75 °C), indicating that the protein has
high thermal stability.
Proper folding of the EGheterodimerwas also assessed using

CD spectroscopy (Fig. 4A). As can be seen, the spectrumhas the
appearance typical for highly � helical proteins with the char-
acteristic minima at 222 and 208 nm. Consistent with previ-
ously published CD spectra for the EG heterodimer (32), the

FIGURE 3. C subunit domain characterization. A, gel filtration elution profiles of C, Cfoot, and Chead on a Superdex S75 1.6 � 50-cm column. All of the proteins
elute as single, symmetrical peaks in the order of decreasing molecular mass (C subunit, 44.9 kDa (49.2 kDa observed); Cfoot, 29.6 kDa (34.6 kDa observed); and
Chead, 14.5 kDa (26.5 kDa observed)). The slightly larger apparent molecular masses are likely due to the elongated shape of the proteins. B, CD wavelength
scans of C, Cfoot, and Chead recorded from 250 to 195 nm in 25 mM sodium phosphate, pH 7, at 25 °C (pH 7.5 and 20 °C in the case of Chead). As can be seen from
the spectra, C and Cfoot have roughly the same secondary structure content per residue with the spectra dominated by the characteristic minima at 208 and 222
nm, indicating the presence of � helix. Chead, however, has more � sheet character as seen in the minimum at 208 nm. C, thermal melting of C, Cfoot, and Chead
as monitored by recording the CD signal at 222 nm (same buffer conditions as in B) from 25 to 70 °C. Both C and Cfoot exhibit steep transitions at 58 and 53 °C,
respectively. Chead, however, is extremely thermally stable such that a transition is never observed, even when measured to 95 °C (data not shown).

FIGURE 4. Secondary structure and thermal stability of the heterodimeric EG complex. A, CD wavelength scan of the EG heterodimer measured from 250
to 195 nm at 10 °C in 25 mM sodium phosphate, pH 7. The wavelength scan of EG (as previously shown) indicates coiled coil content with the ratio of the minima
at 208 and 222 nm approaching unity. B, CD thermal melting curve of EG measured at 222 nm from 4 to 75 °C in 25 mM sodium phosphate, pH 7. Thermal
melting of the EG heterodimer displays a single cooperative transition with a Tm of �25 °C.
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ratio of the signal atwavelength 208 and 222 nm is close to unity
(�222/�208 � 0.96), indicative of the presence of � helical coiled
coil secondary structure (34). Thermal unfolding experiments
conductedwith EGheterodimer showed that the complex has a
Tm of 25.4 °C (Fig. 4B), a value significantly lower compared
with the full-length C subunit and its two domains (Fig. 3C).
Interestingly, the mean molar ellipticity of EG complex at
higher temperatures does not reach zero, and it remains
unclear at this point whether the melting transition observed
for EG represents a complete breaking up of the heterodimer or
a partial unfolding of, for example, the N-terminal � helical
coiled coil domain. Cooling the sample back to 10 °C after heat-
ing to 70 °C revealed that the thermal unfolding of EG is largely
(70–80%) reversible (data not shown). One possible explana-
tion is that the� sheet containing the C-terminal domain of the
complex retains some secondary structure, possibly serving as a
starting point for the cooling induced refolding of the N-termi-
nal domains. Another noteworthy feature of the thermal
unfolding curve shown in Fig. 4B is the lack of a low tempera-
ture plateau, suggesting that there will be some fraction of (par-

tially) unfolded EG complex even at
temperatures significantly below
the transition temperature.
In summary, CD spectroscopy

showed that the proteins used in
this study are folded and contain the
expected secondary structure con-
tent. Thermal unfolding experi-
ments indicated that the subunit EG
heterodimer is significantly less sta-
ble compared with the subunit C
constructs.
Binding Studies of EG and Chead

andCfoot—In the following sections,
the interaction of EG heterodimer
with Chead and Cfoot was investi-
gated using size exclusion chroma-
tography, native gel electrophoresis,
CD spectroscopy, limited prote-
olysis, and isothermal titration
calorimetry.
Analytical Gel Filtration—It has

been shown that although the EG
heterodimer cross-links to both the
head and foot domains of the C sub-
unit in vivo (24), only one EG binds
to the full-length C subunit in vitro
(12, 28). To establish the polarity of
the EGC interaction, purified EG
heterodimer was mixed with a
molar excess of Chead or Cfoot and
subjected to analytical size exclu-
sion chromatography as described
under “Experimental Procedures.”
Complex formation was assessed by
SDS-PAGE of the fractions under
each peak in the chromatogram. As
can be seen in Fig. 5A, when EG and

Chead are analyzed separately, they elute at 45 and 58ml, respec-
tively. A mixture of the two, on the other hand, results in peaks
eluting at 41 and 58ml, and SDS-PAGE reveals that the peak at
41 ml (Fig. 5B, lanes 3–8) contains subunits E, G, and Chead,
whereas the peak at 58 ml contains the excess Chead (Fig. 5B,
lane 9). In contrast, and in good agreement with the idea that
subunit C has only one high affinity site for EG, Fig. 5 (C andD)
shows that EG and Cfoot do not form a complex with sufficient
affinity to co-elute from the column (no peak shift and no co-
elution). In summary, the data show that Chead contains a high
affinity binding site for EG heterodimer, whereas Cfoot shows
no interaction with EG under the conditions of the experiment.
This is consistent with earlier size exclusion chromatography
experiments that showed that full-length subunit C forms a
1:1:1 complex with subunits EG (12, 28).
Electrophoretic Mobility Shift Assay—The analytical gel fil-

tration data above indicate that the high affinity site for the
EGC interaction is on Chead. Because only relatively high affin-
ity interactions are detected by gel filtration, we used electro-
phoretic mobility shift assays on agarose gels under native con-

FIGURE 5. C subunit domain interaction with the peripheral stalk heterodimer, EG. A, gel filtration elution
profiles of isolated EG (dashed line) and Chead (gray line) as well as premixed EG and Chead (black line). Purified EG
heterodimer was mixed with a molar excess of Chead and subjected to gel filtration under the same conditions
as the isolated components. A clear shift in elution volume can be seen for the premixed EG-Chead (black line)
with excess Chead eluting at a volume identical to isolated Chead (gray line). B, Coomassie-stained 15% SDS-PAGE
of the column fractions in A. M, prestained molecular mass marker; lane 1, Chead control; lane 2, EG heterodimer
control; lanes 3– 8, fractions under the shifted peak (black solid line) in A; lane 9, peak fraction at 58 ml (excess
Chead). The shifted elution peak in A corresponds to complex formation between EG and Chead. C, gel filtration
elution profiles of isolated EG and Cfoot as well as premixed EG and Cfoot. Purified EG heterodimer was mixed
with a molar excess of Cfoot and subjected to gel filtration as for the isolated components. No complex forma-
tion between EG and Cfoot was observed because the two components eluted as separate entities (black solid
line). Chromatography of isolated EG and Cfoot are shown for comparison (dotted and gray lines for EG and Cfoot,
respectively). D, SDS-PAGE of the chromatogram in C. M, prestained molecular mass marker; lanes 1 and 13,
Cfoot; lanes 2 and 14, EG heterodimer control; lanes 3–7, EG elution peak (40 –50 ml); lanes 8 –12, Cfoot elution
peak (50 – 60 ml). Although E and Cfoot run at approximately the same apparent molecular mass on the gel,
both the intensity of the band (at �29 kDa) paired with G and the lack of a shift in elution volume confirm the
absence of complex formation between EG and Cfoot.
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ditions to assess the ability of Cfoot to bind EG. Briefly, EG, C,
Chead, and Cfoot were run both individually and with EG prein-
cubated with subunit C and subunit C domains. A representa-
tive gel is shown in Fig. 6C. Surprisingly, although E andG have
high enough affinity to co-elute from anion exchange, cation
exchange, and gel filtration columns, the two subunits run in
opposite directions on the native agarose gel under the condi-

tions tested (Fig. 6C, third and sixth
lanes; identity of bands confirmed
by second dimension SDS-PAGE
(not shown)). This behavior can be
explained by the fact that subunit G
is a basic protein with a predicted
isoelectric point (pI) of �9, whereas
subunit E is acidic with a pI of �5
(35, 36). As shown above, EG het-
erodimer has limited thermal stabil-
ity, and it is possible that under the
conditions of the native gel, the
binding energy of the two subunits
is not sufficient to withstand the
opposing forces of the electric field.
The situation changes, however,
when subunits EG are electrophore-
sed in presence of subunit C or
Chead. With subunit C, no free E or
G is observed, but the resulting
EGC complex possesses insufficient
charge and/or is too large tomigrate
significantly (Fig. 6C, second lane).
With Chead, no band corresponding
to free E,G, orChead is observed, and
instead, all three proteins co-mi-
grate toward the positive electrode.
Curiously, Cfoot is migrating toward
the cathode even though its pre-
dicted isoelectric point is lower than
the pH of the buffer used for the gel.
However, no complex formation
with EG is observed, and all three
proteins migrate as the individual
species. In conclusion, the electro-
phoretic mobility shift assay experi-
ment confirms the results obtained
from the analytical size exclusion
chromatography in that EG is able
to form a complex with Chead but
not Cfoot.
CD Spectroscopy of the EGC(head)

Complex—The data above clearly
indicate that EG and C(head) are able
to form a stable complex, whereas
EG and Cfoot do not. We therefore
tested whether complex formation
changes the thermal stability or sec-
ondary structure content of EG (Fig.
6, A and B). The thermal stability of
the EG complex alone is limited,

with a melting temperature of 25.4 °C (see section “Far UVCir-
cular Dichroism Spectroscopy” above). In complex with C or
Chead, however, the temperature of the first unfolding transi-
tion increases by 5–10 °C to 30–34.5 °C for EGC and EGChead,
respectively (Fig. 6B). At the same time, complex formation
leads to a slightly more linear signal in the low temperature
region of the CD melting curves. As already noted above, the

FIGURE 6. Characterization of the EGC and EGChead complexes: enhanced stability of EG in the presence
of C and Chead. A, CD wavelength scans of EG, EGChead, and EGC measured from 250 to 195 nm at 10 °C in 25 mM

sodium phosphate, pH 7. The wavelength scan of EG (dark gray dotted line) displays coiled coil content (see Fig.
4A). The wavelength scan of EGChead (light gray dotted line) displays the same characteristic, but there is some
decrease in signal, presumably because of the high � sheet character of Chead. Interestingly, the signal at 208
nm compared with 222 nm does not increase in the EGChead spectrum (see Fig. 3B for comparison). The shape
of the EGC spectrum (black solid line) does not change appreciably with only a slight increase in overall ellip-
ticity. B, CD thermal melting curves of EG, EGChead, and EGC measured at 222 nm from 4 to 75 °C in 25 mM

sodium phosphate, pH 7. The EG heterodimer is sensitive to thermal denaturation with a Tm of �25 °C (see Fig.
4B.). In complex with Chead, however, the melting temperature is increased by 10 °C. This spectrum represents
the melting of EG only, because Chead does not melt (see Fig. 3C). The melting curve for EGC shows two
transitions: one is at 31 °C (presumably EG bound to C) and the next is the thermal denaturation of C (55 °C, see
Fig. 3C). This indicates that EG binding to C or Chead leads to a significant increase of EG thermal stability.
C, electrophoretic mobility shift assay. C, Chead (Ch), Cfoot (Cf), and EG were run individually and premixed on a
2% native agarose gel, pH 8.25, at 4 °C. The identities of the various bands (labeled on the gel) were verified by
cutting out the bands and running them in a second dimension on an SDS-PAGE gel. Surprisingly, E and G do
not co-migrate on the native gel. Co-migration of EG was only observed in the presence of C or Chead, further
indication that the EG interaction is greatly stabilized by binding to C or Chead. D, Coomassie-stained 15%
SDS-PAGE gel of limited trypsin proteolysis of EG, EGChead, and EGC. The tops of the gels are labeled according
to the time (in min) post-addition of trypsin, and subunit identities are indicated on the left. Although subunit
E is completely degraded in the isolated EG complex after 30 min, significant protection to the heterodimer is
conferred upon binding C or Chead.
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CD signal does not reach zero at temperatures beyond thermal
unfolding, indicating some residual secondary structure in EG
C-terminal domain and/or C(head). The wavelength scan in Fig.
6A shows that the overall secondary structure does not change
appreciably for EGupon bindingChead. However, this lack of an
apparent change in the shape of the spectrum upon EG binding
Chead is particularly striking when compared with Fig. 3B,
which shows the same wavelength range for the free Chead.
Limited Proteolysis—The electrophoreticmobility shift assay

and thermal unfolding data above demonstrated that EG is sta-
bilized by its interaction with C and Chead. To further examine
this increase in stability, we carried out limited proteolysis on
EG in the absence and presence of subunit C and Chead. As can
be seen from Fig. 6D (top gel), in the absence of C or Chead,
subunit EG is rapidly degraded over the 50-min time course.
The situation is changed dramatically in the presence of sub-
unit C (bottom gel) or Chead (middle gel). Here, much less deg-
radation of EG is observed after 50 min, especially in the pres-
ence of intact subunit C.
Isothermal Titration Calorimetry—To quantitate the ther-

modynamics of the interactions between EG and C, Chead and
Cfoot, we used isothermal titration calorimetry. As can be seen
in Fig. 7 (A and B), the EGC and EGChead interactions are both
exothermic, and saturation of binding occurs at a �1:1 molar
ratio. The data for EGC (Fig. 7A) was fit to a two-site model,
with only one of those sites being occupied (N1 � �0.02 and
N2 � �0.80). The fit allowed for calculation of the binding con-
stant and thermodynamics of the interaction. TheKdwas found

to be 42 nM, �H � �1664 cal/mol, and �S � 	28 cal/(mol�K).
These parameters were then used for calculation of the �G of
association of EG and C at a temperature of 283 K. A value of
�40 kJ/mol was calculated. The same experiment was carried
out using EG and Chead (Fig. 7B), and the data were fit to the
same two-site model, again with only one site occupied (N1 �
�0.0164 and N2 � �1.16). The data show that the thermody-
namics of the EGChead interaction are strikingly similar to those
of the EGC interaction with a Kd of 45 nM, �H � �1480 cal/
mol,�S� 	28 cal/(mol�K), and�G� �39.8 kJ/mol (283 K). In
the top panel of Fig. 7B, a continued, constant heat release
beyond EGChead saturation occurs that is not due to heat of
dilution of Chead. When performing the titration using EG and
Cfoot, no significant heat release was measured, and the data
could not be reliably fit (Fig. 7C). This last observation is again
consistent with the results from the gel filtration and native gel
electrophoresis that failed to show a high affinity interaction
between EG and Cfoot.
It can be seen in Fig. 7 (A and B) that the heat of EG-C(head)

binding increases transiently before saturation. This heat
increase may be explained, in part, by the limited thermal sta-
bility of EG and its reversible nature (discussed in the section
“FarUVCircularDichroismSpectroscopy” above) aswell as the
increase in stability of EG when bound to C(head). Even at the
temperature of the isothermal titration calorimetry experiment
(10 °C), a subpopulation of EGmay exist, in which the � helical
N termini are partially “open” (unfolded). We propose that at
the beginning of the titration, C(head) preferentially binds to

FIGURE 7. Affinity of the interaction between EG and C, Chead, and Cfoot. Isothermal titration calorimetry was used to determine the binding affinities
between EG heterodimer and the C subunit constructs. A, purified C subunit was titrated into EG, and heats of binding were measured at 10 °C in 25 mM sodium
phosphate, 0.5 mM EDTA, 1 mM tris(2-carboxy) ethyl phosphine, pH 7. The base-line data (heat of C subunit dilution) and binding isotherm are displayed in the top
panel, and the enthalpy change is plotted as a function of molar ratio in the bottom panel. The change in enthalpy versus molar ratio data were fit to a two-site model
allowing for calculation of Kd and�G. The Kd was found to be�42 nM with a�G of association of��40 kJ/mol. B, the base-line data (heat of Chead dilution) and binding
isotherm (top panel) as well as enthalpy change versus molar ratio (bottom panel) for the EG Chead interaction. Purified Chead was titrated into EG, and heats of binding
were measured at 10 °C in 25 mM sodium phosphate, 0.5 mM EDTA, 50 mM NaCl, pH 7. The enthalpy change versus molar ratio data were fit to a two-site model, allowing
for calculation of Kd and �G. The Kd was found to be �45 nM with a �G of association ��39.8 kJ/mol, similar to the data for the EG-C interaction. C, the base-line data
(heat of Cfoot dilution) and binding isotherm (top panel) as well as enthalpy change versus molar ratio (bottom panel) for the EG Cfoot interaction. Purified Cfoot was
titrated into EG, and heats of binding were measured at 10 °C in 25 mM sodium phosphate, 0.5 mM EDTA, 1 mM TCEP, pH 7. The heats measured for the EG Cfoot titration
were too close to the noise level to be reliably fit. These data not only confirm that the high affinity EG binding site on C is Chead but also validate our Chead construct
because the thermodynamics of the EGC interaction are nearly identical to those of EGChead.
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“closed” (fully folded) EG, but upon progression of the titration,
total heat release from complex formation between EG and
C(head) will also include heat release from closing (refolding) of
the partially unfolded EG complexes. Thus, the heat release
toward saturation will increase as we would expect to detect
both a heat of EG folding and a heat of binding to C(head). Evi-
dence to support this explanation comes from experiments
where EG complex was injected into the cell. Under these con-
ditions, a large endothermic effect (heat uptake) was observed,
and we speculate that this heat uptake is due to partial unfold-
ing of the N-terminal domains of EG, which in turn may be
caused by the large dilution of the complex into the cell (data
not shown).

DISCUSSION

The eukaryotic V-ATPase is unique among rotary ATPases
in its subunit composition and itsmode of regulation by revers-
ible dissociation. The mechanism of reversible dissociation, or
regulated association, had been first observed for the yeast (16)
and insect (17) V-ATPase but has since been confirmed also for
the enzyme from other animals including mammals (18–20).
Regulated dissociation involves controlled breaking and refor-
mation of the protein-protein interactions that constitute the
ATPase-ion channel interface (Fig. 1 for a schematic of the
complex). This interface is formed by a central rotating stalk
(subunits DF from the V1 binding to subunit d from the Vo) and
three peripheral stalks (subunit EG heterodimers), which are
connected to the membrane-bound a subunit either via direct
interaction with the a subunit N-terminal domain (aNT) or
indirectly via theC subunit (subunitHhas been shownnot to be
required for enzyme assembly and may therefore not be
involved in regulated dissociation/association).
Subunit C, found exclusively in the eukaryotic V-typemotor,

is the only subunit in the complex that can be found in isolation
from both V1 and Vo upon enzyme dissociation. In addition,
subunit C has been shown to interact with a variety of cellular
components including the cytoskeleton (37–39) and the RAVE
complex (40), possibly suggesting some form of sequestration
during controlled dissociation. Interestingly, whereas deletion
of the gene encoding subunit C prevents assembly of V1withVo
(41), thismutation has little affect on assembly of the remainder
of the V1 and Vo subunits (42). These features indicate that C
subunit likely plays an important role in the mechanism of dis-
assembly/reassembly. Based upon recent EM reconstructions,
subunit C appears to bind to two of the three peripheral stators
(11–13), consistent with earlier cross-linking data that showed
subunits EG to be in proximity to both the head and foot
domains of the C subunit (24). Data from in vitro studies on the
other hand indicated that the subunit EG heterodimer was able
to bind subunit C with a 1:1:1 ratio (28). These data indicate
that the head and foot domains of the C subunit have different
affinities for EG.
Until now, the question of which subunit C domain contains

the high affinity site for binding EG has not been addressed
directly, although previous indirect evidence has suggested that
it is Cfoot. For example, two different C subunit crystal struc-
tures were solved revealing different conformations of the head
domain (23). In the lower resolution conformer, the head

domain was shown to be bent at the head-neck interface, dem-
onstrating potential flexibility in this region. Interestingly, this
lower resolution structure corresponds well with the density
belonging to the C subunit in a recent EM reconstruction from
our laboratory; however, the connection between Chead and EG
was not well resolved (11). This lack of density for the EGChead
interaction lead us to speculate that it is likely the EGCfoot inter-
action that is with high affinity. A similar conclusion was
reached based on a recent small angle x-ray scatteringmodel of
the isolated EGC complex, which appeared to fit well with Cfoot
forming the connection to EG (12). Although these data
seemed to suggest that the Cfoot domain contained the high
affinity binding site for the EGheterodimer, the flexibility of the
neck domain of subunit C as seen in the two crystal forms (23),
and the limited resolution of the EM and small angle x-ray
scattering models (11, 12) makes the assignment of Cfoot as the
EG binding site appear somewhat ambiguous.
In an effort to identify the high affinity EG binding site on

subunit C and characterize this interaction, we have con-
structed the isolated domains of the C subunit, Chead and Cfoot.
Analytical gel filtration and CD experiments indicate that the
two domains are properly folded and monodisperse. Using
these techniques coupled with native agarose electrophoresis,
limited trypsin proteolysis, and isothermal titration calorime-
try, we present evidence that it is the head domain of subunit C
that forms a stable complex with the EG heterodimer, whereas
under the conditions tested, no complex formation betweenEG
and the foot domain of subunit C was observed. The thermo-
dynamics of the EGC and EGChead interactions were examined
using isothermal titration calorimetry and were found to be
nearly identical, with �G of association (�Ga) � ��40 kJ/mol
and dissociation constants of�40 nM. In the same experiments
conducted with Cfoot, no significant heat release was observed
upon titration into EG. Interestingly, the in vivo cross-linking
study mentioned above demonstrated that although Chead
cross-links to both E and G, Cfoot cross-links to E and the solu-
ble N terminus of the a subunit (24). It is therefore possible that
the interaction between Cfoot and a second EG heterodimer, as
seen in EM reconstructions of the intact complex, requires the
presence of the N-terminal domain of the a subunit. It should
be noted that although the eukaryotic V-ATPase contains three
EG peripheral stators (43), only two are present in the related
archaeal A- and bacterial A/V-ATPase (44–46). Although both
of these stators interact with the N-terminal domain of the
archaeal and bacterial subunit a homologue (subunit I), only
one binds the soluble domain of subunit I with high affinity in
vitro (47). Together, these observations indicate that some of
the interactions at the ATPase-ion channel interface are only
formed in the intact V-, A-, or A/V-ATPase complex. In this
context it is interesting to note that photochemical cross-link-
ing in yeast V-ATPase identified two regions in the N-terminal
domain of subunit a that were in close proximity to E and G
subunits (48).
As mentioned above, the unique mechanism of activity

regulation in the V-ATPase involves the breaking and refor-
mation of the protein-protein interactions that constitute
the V1-Vo interface. This dramatic rearrangement as well as
the interactions between EG and C in the holoenzyme have
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been well documented, but the details of controlled dissoci-
ation are poorly understood. The interactions between EG
and the C subunit have been shown to be mediated by the N
termini of the parallel EG heterodimer with the C termini
distal to the membrane (Fig. 1 and Ref. 11). Mutagenesis of
the G subunit N terminus has been shown to inhibit enzyme
dissociation, disrupt assembly, and interrupt its interactions
with subunit E (25). In addition, E subunit N-terminal resi-
dues have been shown to be necessary for the interaction
with both subunits G and C (26, 49). As we have shown here,
the EGC(head) complex is more stable than the EG het-
erodimer alone. For example, in the presence of C(head), EG is
more thermally stable, migrates as a complex on native aga-
rose gel, and is protected significantly from protease diges-
tion. Because both C and Chead appear to have a positive
effect on EG stability, we hypothesize that the C subunit
stabilizes the N termini of EG.
Although there is no structure available for the eukaryotic

EG heterodimer, the proteins comprising the peripheral
stalk (EH)4 in the related archaeal A- and bacterial A/V-
ATPase are more stable and thus have been more amenable
to structural characterization than their eukaryotic counter-
parts. Although the archaeal EG heterodimer is shorter in
length and more stable than yeast EG, their secondary struc-
ture predictions and biological functions are similar (50, 51),
indicating that they may be used as a structural model for
eukaryotic EG. NMR spectroscopy and domain mapping
experiments (50) showed that although subunit G is entirely
composed of � helix, subunit E contains a globular C-termi-
nal domain of mixed �� character as seen earlier in the crys-
tal structure of the isolated domain (52). Overall, the EG
heterodimer is elongated with the N termini involved in a
coiled coil, whereas the C-terminal globular domain of the E
subunit is in contact only with the very C-terminal � helix of
the G subunit (50). The recent crystal structure of the Ther-
mus thermophilus EG heterodimer (53) (Protein Data Bank
entry 3k5b) confirmed the domain mapping analysis of the
archaeal EG heterodimer (50) and showed for the first time
that the N-terminal domains of E and G are folded in a right-
handed coiled coil, a fold predicted earlier for the b subunit
dimer of the E. coli F-ATP synthase (54). Interestingly, the
crystal structure of the T. thermophilus EG begins with a
coiled coil starting from residue 2 of the E subunit, but the
N-terminal 21 residues of the G subunit are not present in
the structure (53). Although the S. cerevisiae G subunit is
approximately the same size as that of T. thermophilus, the
yeast subunit E is 48 amino acids longer, suggesting the pres-
ence of some additional structural element in the N-terminal
region of the eukaryotic EG heterodimer.
It was shown previously that the thermal stability of the

coiled coil domain of archaeal EG is reasonably high and at
60 °C mirrors the optimal growth temperature of the orga-
nism (51). In contrast, our data show that the yeast EG het-
erodimer is very sensitive to thermal denaturation and that
unless bound to the C subunit, the Tm is below the optimal

growth temperature for yeast. Because the S. cerevisiae EGC
interaction has been mapped to the N termini of the EG
heterodimer (25, 26), our data suggest that although eukary-
otic E and G are a high affinity heterodimer, their extreme N
termini are vulnerable, thus limiting the thermal and chem-
ical stability of the complex in vitro. The predicted coiled coil
domain is likely responsible for much of the high affinity EG
interaction. As we have shown here, in the presence of
C(head), the stability of EG is greatly enhanced, likely through
protection of the more labile extreme N termini. Thermal
stability of the interaction of subunits E, G, and C may also
play a role in the regulation of the V-ATPase complex in vivo.
Recently, a subunit E isoform (E1) was identified in mouse
testis that is specifically localized to the V-ATPase in the
acrosome of developing and mature sperm (55). Although
the E1 isoform is able to complement yeast Vma4p at normal
growth temperatures, uncoupling of ATPase and proton
pumping was observed at elevated temperature, indicating
limited thermal stability of the interaction of subunit E1 with
the other subunits of the complex (subunits G and C and the
N-terminal domain of subunit a).
To summarize, the data presented here indicate that in

vitro the high affinity site for EGC complex formation is
located on the head domain of the C subunit, and we specu-
late that the differences in affinities are likely involved in the
unique mode of regulation by reversible dissociation. We
further speculate that regulated disassembly occurs when an
unknown environmental signal leads to a conformational
change in the C subunit as seen in two crystal forms found by
Drory et al. (23). This conformational change then leads to
the release of Cfoot (low affinity site) and upon continued
rotation of the enzyme the high affinity interaction, made by
Chead, is broken, thereby releasing the C subunit into the
cytosol and promoting enzyme dissociation. Interestingly,
the free energy change (�Ga) of the EGC(head) interaction is
with �40 kJ/mol close to the free energy change of ATP
hydrolysis under conditions found in the cytoplasm (�57
kJ/mol) (56). Although many interactions must be broken
during the process of controlled dissociation, it is interesting
that the energetic cost of breaking the high affinity EGC(head)
interaction could be balanced by hydrolysis of one ATP mol-
ecule. This is an especially attractive hypothesis in that it has
been shown that the enzyme must be active for dissociation
to occur (21, 57).
The work presented here demonstrates that the isolated

domains of the C subunit are properly folded and can be used
for studying the molecular aspects of the many documented
interactions of this subunit with other subunits of the com-
plex in more detail. Further work is required to elucidate the
interaction between EG and Cfoot because this interaction
may be dependent upon the presence of additional V-
ATPase subunits such as the N-terminal domain of the a
subunit. In addition, the increase in stability as seen for EG in
complex with C(head) may also be found for other V-ATPase
subcomplexes, a property that may assist in future studies of
V-ATPase structure and function. Such studies are ongoing
in our laboratory.

4 To avoid confusion with the eukaryotic H subunit, archaeal H subunit will
hereon be called as its eukaryotic counterpart, subunit G.
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istry 44, 15906–15914
29. Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt,

D. M., Meng, E. C., and Ferrin, T. E. (2004) J. Comput. Chem. 25,
1605–1612

30. Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Acta Crys-
tallogr. D Biol. Crystallogr. 66, 486–501

31. Santoro, M. M., and Bolen, D. W. (1988) Biochemistry 27, 8063–8068
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