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Abstract Vma5p (subunit C) of the yeast V-ATPase was
produced in Escherichia coli and purified to homogeneity.
Analysis of secondary structure by circular dichroism spectros-
copy showed that Vma5p comprises 64% a-helix and 17% b-
sheet content. The molecular mass of this subunit, determined by
gel filtration analysis and small angle X-ray scattering (SAXS),
was approximately 51% 4 kDa, indicating a high hydration level
of the protein in solution. The radius of gyration and the
maximum size of Vma5p were determined to be 3.74% 0.03 and
12.5% 0.1 nm, respectively. Using two independent ab initio
approaches, the first low-resolution shape of the protein was
determined. Vma5p is an elongated boot-shaped particle con-
sisting of two distinct domains. Co-reconstitution of Vma5p to
V1 without C from Manduca sexta resulted in a V1–Vma5p
hybrid complex and a 20% increase in ATPase hydrolysis
activity.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The Vacuolar ATPase (V1VO ATPase) is an electrogenic ion

pump found throughout every eukaryotic cell. This enzyme

harnesses the energy derived from ATP hydrolysis to pump

ions across membranes, creating an electrochemical gradient.

As suggested by its bipartite name, the V1VO ATPase is

composed of a water-soluble V1 ATPase and an integral

membrane subcomplex, VO. ATP is hydrolyzed on the V1

headpiece consisting of an A3:B3 hexamer, and the energy

released during that process is transmitted to the membrane-

bound VO domain, to drive the ion translocation. This energy

coupling occurs via the so-called ‘‘stalk’’ structure, an assem-

bly of the V1 subunits C–H, respectively, that forms the

functional and structural interface [1–3]. The proposed subunit
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stoichiometry of V1 is A3:B3:C1:D1:E1:F1:G2:Hx [4]. The in-

tegral VO domain contains five different subunits in a stoichi-

ometry of a1:d1:c4–5:c01:c
00
1 [5].

Low-resolution structural studies of the V1 ATPase from

Manduca sexta using small angle scattering have shown that the

hydrated V1 is rather elongated, with a headpiece of 14.5 nm in

diameter and a stalk of approximately 11 nm in length [6]. Pre-

viously, we have obtained a three-dimensional structure of this

V1 ATPase without subunit C at 1.8 nm resolution [7]. This

showed that the A3 and B3 subunits alternate in a hexagonal

arrangement and that the stalk region protrudes by approxi-

mately 6 nm from the surface of the A3B3 headpiece. Under-

standing the structural and functional roles of the V-ATPase

stalk and its subunits is essential, because they may impart to V-

ATPases the characteristics that distinguish them from the F-

ATPases. These include their activity as dedicated ion pumps

rather than ion-drivenATP synthases, and their susceptibility to

multiple forms of regulation in vivo like the reversible reas-

sembly of the V1 and VO domains, which results in silencing of

both parts [8–10]. The stalk subunits C and H have been pro-

posed to be involved in silencing of Mg-activated ATP hydro-

lysis [11]. Subunit H (Vma13p) from yeast has recently become

the first eukaryotic V-ATPase subunit to have a crystal structure

solved [12]. This subunit is characterized by the large primarily a
helical N-terminal domain, forming a shallow groove, and the

C-terminal domain, both connected by a four-residue loop. The

elongated shape of subunit H enables this subunit to contact

both the catalytic A subunit and subunit a, thereby bridging the

V1 headpiece with the membrane bound VO portion [13]. We

have turned our attention to the examination of subunit C

(Vma5p) from yeast and describe here the production of subunit

C (Vma5p) and the analysis of its secondary and quaternary

structure in solution using circular dichroism spectroscopy (CD)

and small angle X-ray scattering (SAXS), respectively. (Note,

the crystal structure of subunit C of the bacterial A1AO ATPase

from Thermus thermophilus has recently been determined [14].

This subunit is homologous to subunit d (Vma6p) of the yeast V-

ATPase [15]).
2. Materials and methods

2.1. Biochemicals
ProofStartTM DNA Polymerase and Ni2þ–nitrilotriacetic acid

(NTA) chromatography resin were received from Qiagen (Hilden,
Germany); restriction enzymes were purchased from MBI Fermentas
blished by Elsevier B.V. All rights reserved.
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(St. Leon-Rot, Germany). The expression vector pET9d-His6 was
provided by G. Stier, EMBL (Heidelberg, Germany). Chemicals for gel
electrophoresis were received from Serva (Heidelberg, Germany). Bo-
vine serum albumin (BSA) was purchased from GERBU Biochemicals
(Heidelberg, Germany). All other chemicals were at least of analytical
grade and received from BIOMOL (Hamburg, Germany), Merck
(Darmstadt, Germany), Roth (Karlsruhe, Germany), Sigma (Deis-
enhofen, Germany), or Serva (Heidelberg, Germany).
2.2. Production and purification of Vma5p (subunit C)
To amplify the VMA5 coding region, oligonucleotide primers 50-

CATGCCATGGCTACTGCGTTATATA-30 (forward primer) and 50-
CGGGATCCTTATAAATTGATTATATACAT-30 (reverse primer),
incorporating NcoI and BamHI restriction sites, respectively (under-
lined), were designed. Saccharomyces cerevisiae genomic DNA was
used as template for the polymerase chain reaction (PCR). Following
digestion with NcoI and BamHI, the PCR product was ligated into the
pET9d-His6 vector. The pET9d-His6 vector containing the VMA5
insert was then transformed into E. coli cells (strain BL21) and grown
on 30 lg/ml kanamycin-containing Luria–Bertoni (LB) agar plates. To
express His6-Vma5p, liquid cultures were shaken in LB medium con-
taining kanamycin (30 lg/ml) for about 20 h at 30 �C until an optical
density OD600 of 0.6–0.7 was reached. To induce production of His6-
Vma5p, the cultures were supplemented with isopropyl-b-DD-thio-
galactoside (IPTG) to a final concentration of 1 mM. Following
incubation for another 4 h at 30 �C, the cells were harvested at
10 000� g for 20 min, 4 �C. Subsequently, they were lysed on ice by
sonication for 3� 1 min in buffer A (50 mM Tris-(hydroxym-
ethyl)aminomethane (Tris)/HCl, pH 8.5, 100 mM NaCl, and 8 mM
Pefabloc SC (BIOMOL)). The lysate was cleared by centrifugation at
10 000� g for 30 min at 4 �C, the supernatant was passed through a
filter (0.45 lm pore-size) and supplemented with Ni2þ–NTA resin. The
His-tagged protein was allowed to bind to the matrix for 90 min at 4
�C and eluted with an imidazole gradient (25–200 lM) in buffer A
by mixing on a sample rotator (Neolab). Fractions containing
His6-Vma5p/subunit C were identified by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE)1 [16], pooled and
concentrated using Centriprep YM-10 (10 kDa molecular mass (MM)
cut off) spin concentrators (Millipore) and subsequently applied on an
ion-exchange column (Resource Q (6 ml), Amersham Biosciences),
equilibrated in a buffer of 50 mM Tris/HCl (pH 8.5), 100 mM NaCl
and 1 mM DTT1. The purity of the protein sample was analyzed by
SDS–PAGE. The SDS-gels were stained with Coomassie Brilliant Blue
G250. Protein concentrations were determined by the bicinchonic acid
assay (BCA; Pierce, Rockford, IL. USA). For the N-terminal se-
quencing, subunit C (Vma5p) was blotted on a polyvinylidene difluo-
ride membrane (pore size 0.45 lm) according to [17]. The protein
bands were excised from the membrane and sequenced with a model
473A sequencer from Applied Biosystems.

2.3. Determination of native molecular mass
Gel filtration chromatography was performed using a Superdex 75

HR 10/30 column (Amersham Biotech) using a buffer of 50 mM Tris/
HCl (pH 8.5), 100 mM NaCl and 1 mM DTT. To construct a cali-
bration curve, a set of standard proteins (Amersham Biotech and
Sigma) was analyzed. The Kav parameter was determined
(Kav ¼ ðVe � V0Þ=ðVt � V0), where Ve represents the elution volume, V0
the void volume, and Vt the total bed volume). The Kav values for
standard proteins were plotted as a function of the logarithm of mo-
lecular mass (MM) and the resulting calibration curve was used to
derive the MM of Vma5p (subunit C).

2.4. CD spectroscopy
A Jasco-715 spectropolarimeter fitted with a Jasco-PTC348 tem-

perature controller was used for CD experiments. Spectra were col-
lected in 0.1 mm quartz cells (Hellma) at 10 �C between 190 and 250
nm at a step resolution of 0.2 nm. CD spectroscopy of subunit C (1.0
mg/ml) was performed in 50 mM Tris/HCl, pH 8.5, 100 mM NaCl and
1 mM DTT using 0.5 nm path length. Ten scans were averaged to
obtain a final spectrum. The spectrum for the buffer was subtracted
from the spectrum of subunit C. This baseline corrected spectrum was
used as input for computer methods to obtain predictions of secondary
structure. In order to analyze the CD spectrum, the analysis programs
Contin [18] and K2D [19] were used.
2.5. X-ray scattering experiments and data analysis of Vma5p
(subunit C)

The synchrotron radiation X-ray scattering data were collected fol-
lowing standard procedures on the X33 camera [20,21] of the EMBL
on the storage ring DORIS III of the Deutsches Elektronen Syn-
chrotron (DESY) using multiwire proportional chambers with delay
line readout [22]. The scattering patterns from subunit C at protein
concentrations of 2.9, 5.9, 11.8 and 27.9 mg/ml were measured using a
two-detector setup with the sample–detector distances of 2.2 and 1.2
m, covering a range of momentum transfer 0:15 < s < 9:8 nm�1

(s ¼ 4p sinðhÞ=k, where h is the scattering angle and k ¼ 0:15 nm is the
X-ray wavelength). The data were normalized to the intensity of the
incident beam and corrected for the detector response; the scattering of
the buffer was subtracted and the difference curves were scaled for
concentration. The low angle data measured at lower protein con-
centrations were extrapolated to infinite dilution and merged with the
higher angle data to yield the final composite scattering curves. All the
data processing steps were performed using the program package
PRIMUS [23]. The maximum dimension of the subunit C, Dmax, was
estimated using the orthogonal expansion program ORTOGNOM
[24]. The forward scattering Ið0Þ and the radius of gyration Rg were
evaluated using the Guinier approximation [25] assuming that at very
small angles (s < 1:3=Rg) the intensity is represented by
IðsÞ ¼ Ið0Þ expð�ðsRgÞ2=3Þ. These parameters were also computed
from the entire scattering patterns using the indirect transform pack-
age GNOM [26], which also provides the distance distribution function
pðrÞ of the particle. The MM of subunit C was calculated by com-
parison with the forward scattering from the reference solution of
BSA1.
Low resolution models of the C subunit were built using two ab

initio methods. The program DAMMIN [27] represents the protein
shape as an ensemble of M � 1 densely packed beads inside a search
volume (a sphere of diameter Dmax). Each bead belongs either to the
protein (index¼ 1) or to the solvent (index¼ 0), and the shape is thus
described by a binary string of length M . Starting from a random
string, simulated annealing [28] is employed to find a compact con-
figuration of beads minimizing the discrepancy between the experi-
mental IexpðsÞ and the calculated IcalcðsÞ curves:

v2 ¼ 1

N � 1

X
j

IexpðsjÞ � cIcalcðsjÞ
rðsjÞ

� �2
; ð1Þ

where N is the number of experimental points, c is a scaling factor and
rðsjÞ is the experimental error at the momentum transfer sj. The X-ray
scattering curves at higher angles (starting approximately from s ¼ 2:5
nm�1) contain significant contribution from the internal particle
structure which must be removed prior to the shape analysis. For this,
a constant given by the slope of an s4IðsÞ versus s4 plot is subtracted
from the experimental data to ensure that the intensity would decay as
s�4 following Porod’s law [29] for homogeneous particles. The result-
ing ‘‘shape scattering’’ curve (i.e., scattering due to the excluded vol-
ume of the particle with unit density) in the range up to s ¼ 3:2 nm�1

was used for ab initio shape restoration. The excluded volume of the
hydrated particle (Porod volume) was computed from the shape
scattering curve using the equation [29]

V ¼ 2p2Ið0Þ=
Z 1

0

s2IðsÞds: ð2Þ

In a more versatile ab initio approach implemented in the program
GASBOR [30], the protein is represented as a collection of dummy
residues (DRs). Starting from randomly positioned residues, a chain-
compatible spatial distribution of DRs inside the search volume is
found by simulated annealing. The DR method permits to fit data up
to 0.5 nm resolution but the number of residues must be known a
priori. About a dozen DAMMIN and GASBOR reconstructions were
performed and the independent models were analyzed using the
package DAMAVER [31]. This package aligns all possible pairs of
models using the program SUBCOMB [32] and identifies the most
probable model giving the smallest average discrepancy with the rest.
Moreover, the averaged model is computed by aligning all other
models with the most probable one, computing the density map of
beads and drawing the threshold corresponding to the excluded par-
ticle volume.
The scattering from the high resolution model of the regulatory

subunit H of the V-ATPase of S. cerevisiae [12] was calculated from its
structure deposited in the Brookhaven Protein Data Bank [33] (entry
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1HO8) using the program CRYSOL [34]. Given the atomic co-ordi-
nates, the program fits the experimental scattering curve by adjusting
the excluded volume of the particle and the contrast of the hydration
layer surrounding the particle in solution to minimize discrepancy [1]
between the calculated and the experimental intensities.

2.6. Purification of the V1(-C) ATPase from M. sexta and assembly
with subunit C (Vma5p)

Tobacco hornworms were reared as described in [35]. The Manduca
eggs were a generous gift of Dr. J. Schachtner, Philipps University in
Marburg and Prof. Trenczek, University of Giessen, Germany. The
V1(-C) ATPase from M. sexta was isolated according to Rizzo et al.
[35]. To remove 2-mercaptoethanol, the protein was dialyzed in a
QuixSepTM Micro Dialyzer (Roth, Germany) for 6 h against a de-
gassed buffer containing 20 mM Tris/HCl, pH 8.1, and 150 mM NaCl
using a 10 kDa Spectra/Por dialysis membrane (Spectrum Laborato-
ries, Canada). The protein was mixed with subunit C (Vma5p) over-
night on a sample rotator at 4 �C. The incubated mixture was applied
on a Sephacryl S-300 HR column with 20 mM Tris/HCl (pH 8.1), 150
mM NaCl. The peak fractions were collected and analyzed by SDS–
PAGE. ATPase activity was measured as described previously [36].
3. Results

3.1. Purification of subunit C (Vma5p)

Induction of His-tagged protein production under the con-

ditions specified in Section 2 resulted in an approximately 45

kDa protein which was found entirely within the soluble

fraction. A Ni2þ–NTA resin column and an imidazole gradient

(25–200 lM) in buffer consisting of 50 mM Tris/HCl, pH 8.5,

and 100 mM NaCl was used to separate His6-Vma5p/subunit

C from the main contaminating proteins. Subunit C eluted at

100 mM imidazol was collected and subsequently applied to a

RESOURCETM Q column (Fig. 1). Analysis of the isolated

protein by SDS–PAGE revealed the high purity of the protein.

N-terminal sequence analysis was used to identify the protein

as subunit C and its N-terminal His-tag (H H H H H HMA T

A L Y T A N D F I L I S L P Q N A).
Fig. 1. Purification of S. cerevisiae subunit C (Vma5p). (A) Following
purification of His6-Vma5p on Ni2þ–NTA resin, the protein was ap-
plied onto a RESOURCETM Q column using Buffer A (50 mM Tris/
HCl, pH 8.5, 150 mM NaCl, and 1 mM DTT) at a flow rate of 6 ml/
min, followed by a gradient program 0 to 10% buffer B (Tris/HCl, pH
8.5, 1 M NaCl and 1 mM DTT (not shown)). Subunit C eluted already
after 8–11 min and the contaminations eluted by increasing amounts of
NaCl (not shown). (B) Lane 1 of an SDS-gel shows a sample of the
His6-Vma5p after purification on Ni2þ–NTA resin. Lane 2, 20 ll of
the indicated ( ) fractions was applied on the gel (lane 2).
3.2. Physical characterization of subunit C (Vma5p)

Treatment of subunit C with trypsin resulted in the forma-

tion of a 43 kDa species whose further degradation was slow

(Fig. 2A). This implies that subunit C has a folded structure

resistant to proteolytic degradation in vivo. The secondary

structure of this subunit was determined from CD spectra,

measured between 190 and 250 nm (Fig. 2B). The minima at

220 and 208 nm and the maximum at 192 nm indicate the

presence of a-helical structures in the protein. Two computer-

based methods were used to analyze the CD spectrum of

subunit C. The average secondary structure content was 64%

a-helix and 17% b-sheet.

3.3. Determination of molecular mass and overall dimensions of

the native C subunit (Vma5p)

In order to determine the native MM of subunit C (Vma5p),

a Superdex 75 gel filtration column was calibrated by deter-

mining the Kav values for a set of standard proteins of known

MM. A calibration curve based on these Kav values is shown in

Fig. 3. Comparison of the Kav for subunit C versus the stan-

dard proteins suggests the native molecular mass of approxi-

mately 51� 3 kDa. In a complementary approach, SAXS

patterns from solutions of subunit C were recorded and pro-

cessed as described in Section 2 to yield the final composite
Fig. 2. Trypsin digestion and CD spectrum of subunit C (Vma5p). (A)
Subunit C was incubated with trypsin at a ratio of 900:1 (w/w) for the
indicated time. At the time indicated, aliquots were removed and the
protease inhibitor Pefabloc SC was added to a final concentration of 8
mM. SDS sample buffer was added and the samples were electro-
phoresed on a 17.5% total acrylamide and 0.4% cross-linked acryl-
amide gel and stained with Coomassie Blue G250. Each lane received 6
lg of protein. (B) The CD spectrum of subunit C was determined using
a Jasco-715 spectropolarimeter.



Fig. 3. Determination of native molecular mass by gel filtration analysis. (A) Superdex 75 gel filtration analysis of subunit C was performed as
described under Section 2. Proteins used as molecular size standards (r) were BSA (I, 67 kDa), ovalbumin (II, 45 kDa), b-chymotrypsin A (III, 25
kDa) and ribonuclease A (IV, 13.7 kDa). (B) For each protein, a Kav parameter was derived as described under Section 2. The Kav for subunit C
(Vma5p) is indicated by (j).
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scattering curve in Fig. 4. The radius of gyration Rg and the

maximum dimension Dmax of subunit C are 3.74� 0.03 and

12.5� 0.1 nm, respectively, suggesting that the subunit is a

rather elongated particle. Comparison with the scattering from

the reference solutions of BSA yields the estimate of MM of

51� 4 kDa, in agreement with the results of the gel filtration

chromatography and indicating that subunit C is monomeric

at the concentrations used. However, the determined MM of
Fig. 4. X-ray scattering patterns from subunits C (Vma5p) and H
(Vma13p) of yeast V-ATPase. (1) Experimental SAXS curve from
subunit C; (2) scattering from typical ab initio model of subunit C
computed by the program GASBOR [30]; (3) scattering pattern from
the high resolution model of subunit H ([12] PDB code 1HO8) cal-
culated by the program CRYSOL [34]. The distance distribution
function of subunit C computed from the experimental data by the
program GNOM [26] is displayed in the inset.
the native molecule is somewhat larger than expected from the

denaturated protein (about 45 kDa, see Fig. 2) and the amino

acid sequence (44 849 Da; Expert Protein Analysis System

[37]). This may be attributed to a high hydration of the particle

in solution, characteristic for extended molecules with large

specific surface accessible to the solvent. The excluded (Porod)

volume of the hydrated particle in solution was 100� 5 nm3

(compared to the dry particle volume of 54 nm3 computed

from the sequence) also suggesting rather high hydration of

subunit C. The distance distribution function pðrÞ (Fig. 4, in-
sert) further confirms that subunit C is an elongated particle

with the average radius of cross-section of about 3 nm as re-

flected by the main maximum of the pðrÞ function. The

shoulder at larger intraparticle distances indicates that the

particle consists of two distinct domains with the average

distance between their centers of about 8 nm.
3.4. Shape and domain structure of subunit C (Vma5p)

The gross structure of subunit C was restored ab initio from

the scattering pattern in Fig. 4 using the shape determination

program DAMMIN and the dummy residues modeling pro-

gram GASBOR as described in Section 2. The two approaches

yielded similar results but the models provided by DAMMIN

could only fit the data up to s ¼ 0:25 nm�1 and therefore re-

sulted in lower resolution. In the following, the models ob-

tained with GASBOR are presented, which yield good fits to

the experimental data in the entire scattering range (a typical

fit displayed in Fig. 4, curve 2, has the discrepancy v ¼ 1:39).
Twelve independent reconstructions yielded reproducible

models and the average model and the most probable model

are displayed in Fig. 5 (left and middle columns, respectively).

Subunit C appears as an elongated boot-shaped molecule with

two distinct domains. This gross structure resembles very

much the shape of subunit H (Vma13p; Fig. 5, right column)

available in the PDB (33) (entry 1HO8). Moreover, the scat-

tering pattern computed from the model of subunit H displays

a fair agreement to the scattering by the subunit C in the entire

range of scattering angles (Fig. 4, curve 3, v ¼ 2:5). Some

systematic deviations observed at the very small angles point

to a somewhat more extended appearance (or, possibly, a

higher hydration) of the subunit C than of the subunit H, but



Fig. 5. Models of the subunits C and H from yeast V-ATPase. Left
column and middle columns: averaged and most probable models of
subunit C displayed as beads and dummy residues, respectively. Right
column: high resolution model of subunit H ([12] PDB code 1HO8);
the N- and C-termini are indicated by arrows. Models in the bottom
row are rotated counterclockwise by 90� around the y-axis. The models
were aligned using the program SUPCOMB [32] and displayed on an
SGI workstation using the program ASSA [48].

Fig. 6. Sequence alignment of Vma5p and Vma13p. Alignment was generat
homologous amino acids are highlighted in black and gray shading, respecti
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the overall resemblance is still remarkable. Moreover, a good

correlation is observed between the predicted scattering from

subunit H and the experimental scattering from subunit C at

higher angles (4 < s < 9 nm�1), i.e., in the resolution range

responsible for the internal domain organization and tertiary

structure [38]. These results suggest that subunit H (Vma13p)

and subunit C (Vma5p) not only display the same overall

appearance but also have similar domain and possibly tertiary

structure, although the two subunits show a sequence simi-

larity and identity of only 34% and 17%, respectively (Fig. 6).

3.5. Assembly of subunit C (Vma5p) with V1(-C) from

M. sexta

Recent data using a chimeric yeast V-ATPase with subunit C

from mouse demonstrated that subunit C is related to the

energy coupling [39]. This chimeric formation prompted us to

examine whether a hybrid of subunit C (Vma5p) and the V1

ATPase without C (V1(-C)) from M. sexta, whose C subunit

seems to be released into the cytoplasm in the process of V1VO

dissociation [40], can be formed. The analysis of such a hybrid

complex is helpful in determining the function of the C subunit

in ATPase activity. To test whether a V1(-C)–Vma5p complex

can be formed, the V1(-C) complex from M. sexta together

with subunit C (Vma5p) from yeast was incubated overnight.

The subsequent size-exclusion chromatography resulted in an

exclusion diagram with the three main peaks at 9, 12 and 27 ml

(Fig. 7A). The fractions of these peaks were pooled, concen-

trated and analyzed by SDS–PAGE (Fig. 7B). The recovered

peak I comprises the subunits of V1(-C) plus subunit C

(Vma5p) in stoichiometric amounts. Peak II contains V1(-C)

and subunit C (Vma5p) elutes as peak III. The V1(-C)–Vma5p

complex (peak I) and the V1(-C) showed ATPase activity of

2.4� 0.1 U/ml and 1.9� 0.1 lmolU/ml, respectively.
ed using BioEdit 5.0.9 Sequence Alignment Editor [49]. Identical and
vely.



Fig. 7. Elution profile and electrophoretic analysis of the assembled V1(-C)-ATPase fromM. sexta and subunit C (Vma5p). (A) V1(-C)-ATPase from
M. sexta and subunit C (Vma5p) was incubated as described in Section 2 and applied onto a Sephacryl S-300 HR column with 20 mM Tris/HCl (pH
8.1), and 150 mM NaCl. (B) The fractions of peaks I, II and III were pooled, concentrated and subjected to a gradient SDS–PAGE. The gel was
stained with Coomassie blue G250.
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4. Discussion

The function of the stalk subunit C of V1VO ATPases is still

elusive. For the Hþ-ATPase of clathrin-coated vesicles, it has

been demonstrated that the addition of recombinant subunit C

to an A3B3E complex significantly increased the ATPase ac-

tivity [41]. Genetic and biochemical data suggest that subunit

C is essential in regulation and stabilization of V1VO interac-

tion [11,40,42]. From recent studies using crosslinkers it has

been shown that subunit C is in close neighborhood to subunit

E [43], the latter of which is in close proximity to the stalk

subunit D [43,44], and in contact with subunit c of the VO part

[45]. As estimated from electron micrographs of negatively

stained V1(-C) ATPase from M. sexta [7], the stalk is about 6

nm in height and shorter than the value of 11 nm determined

by the hydrated V1 ATPase using SAXS [6]. It has been argued

that this difference may have been caused by a dissociation of

the C subunit from the stalk at the low concentrations neces-

sary for electron microscopy [7]. A length of about 12.5 nm of

the hydrated C subunit (Vma5p) as determined in the pre-

sented studies would exceed the distance of 11 nm. Taken to-

gether, these data imply that the peripheral stalk subunit C

might span the length of the stalk thereby linking the V1 and

VO domains. It is of particular interest that the V1VO disas-

sembly is accompanied by the dissociation of subunit C from

the complex [3,40], and it has been hypothesized that subunit C

plays a central role in the reversible reassembly of both do-

mains [3,40] by binding as an anchor protein to the actin-based

cytoskeleton and controlling the linkage of the cytoplasmic V1

complex with the actin filaments [40]. The presented elongated

envelope of subunit C (Vma5p), consisting of two distinct

domains (Fig. 5), would provide interfaces to interact with

other V1, VO subunits and F-actin. Its boot-shaped structure,

consisting of two distinct domains, is remarkably similar in its

overall structure to that of subunit H (Vma13p), composed of

an elongated bootleg, made up by the N-terminal domain

(Fig. 5) and a foot, which is formed by the C-terminal domain.

Both domains are connected by a flexible linker [12]. The C-

terminal half of subunit H is proposed to bind to the V-AT-

Pase subunits [13,43], whereby the long terminal shaft interacts

with proteins like Ynd1p [46] or the Nef-binding protein-1 [47].
In comparison, the C-terminus of subunit C (Vma5p), which

includes the most highly conserved region of this subunit,

appears to be very important for stable assembly of V1VO.

Mutagenesis of this region reduced ATPase activity in vitro,

because of loss of V1 subunits [42], indicating that subunit C

might also be in contact with the V1 subunits via its C-terminal

domain. Although the structural similarities of the C and H

subunits are significant, presently we can only speculate about

the bootleg shaped part of subunit C forming the binding

domain of the oligomeric F-actin. However, both subunits

have been viewed as components structurally and functionally

bridging V1 and VO. Furthermore, it has been proposed that

release of subunit C (Vma5p) from V1 could play a role, in

cooperation with subunit H (Vma13p) inhibition, in the si-

lencing of MgATP hydrolysis in the disassembled V1 part [11].

In this context, it is of interest that the V1(-C) complex from

M. sexta has an ATPase activity which is 20% lower compared

to the reconstituted V1-Vma5p hybrid complex.

In summary, the data presented demonstrate that subunit C

of the yeast vacuolar ATPase exists in solution as an elongated

molecule, organized as two well-defined domains, as deter-

mined by two ab initio shape restoration procedures. The

similarity in shape of both subunit C (Vma5p) and H

(Vma13p) is in line with their function in bridging the V1 and

VO parts. These findings will allow a better understanding of

the structural and functional role(s) of subunit C within the

V1VO complex.
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