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In contrast to the F-type ATPases, which use a proton gradient to
generate ATP, the V-type enzymes use ATP to actively transport
protons into organelles and extracellular compartments. We de-
scribe here the structure of the H-subunit (also called Vma13p) of
the yeast enzyme. This is the first structure of any component of
a V-type ATPase. The H-subunit is not required for assembly but
plays an essential regulatory role. Despite the lack of any apparent
sequence homology the structure contains five motifs similar to
the so-called HEAT or armadillo repeats seen in the importins. A
groove, which is occupied in the importins by the peptide that
targets proteins for import into the nucleus, is occupied here by the
10 amino-terminal residues of subunit H itself. The structural
similarity suggests how subunit H may interact with the ATPase
itself or with other proteins. A cleft between the amino- and
carboxyl-terminal domains also suggests another possible site of
interaction with other factors.

he vacuolar proton-translocating ATPases play an important

role in the acidification of extracelluar compartments and
organelles and are found in most eukaryotic cells. In contrast to
the F-type ATPases, which generate ATP from a proton gradient
across a membrane, the V-type enzymes use ATP to acidify
compartments for receptor-mediated endocytosis, intracellular
trafficking, and protein degradation (1, 2). The enzyme is
composed of two functionally distinct complexes V; and V (Fig.
1). Vy is integral to the membrane and is thought to consist of
at least five different subunits with a total molecular mass of
about 260 kDa. This complex is involved in translocation of
protons across the membrane. The V; complex is more hydro-
philic and is composed of at least eight different subunits totaling
a molecular mass of about 570 kDa. Because of the relatively
high sequence identity between the catalytic subunits « and 8 of
the F-type ATPases and subunits B and A of the V-type
ATPases, the V; complex is thought to use ATP to drive the
proton translocation across the membrane. The rotary catalytic
mechanism of ATP hydrolysis and proton transportation (3, 4)
is thought to be very similar among the two classes of enzymes,
but the different subunit stoichiometry and architectural ap-
pearance in electron micrographs suggests that the V-type
ATPases are more complex (5, 6).

Because the V-type enzymes are involved in key biochemical
processes, such as the regulation of pH, and also because they
consume rather than generate energy, their function is likely to
be under tight control. Previous studies have revealed that most
components of the V-type ATPase are essential for assembly of
the enzyme complex (1). Characterization of subunit H, also
known as Vmal3p, however, indicates that this polypeptide is
essential for the activity of the enzyme but not for targeting or
assembly (7).

The regulatory function of subunit H recently was demon-
strated by Parra et al. (8). Binding of the subunit to isolated,
cytosolic V particles inhibits CaATP hydrolysis. The amino acid
sequence of subunit H consists of 478 residues and, other than
subunits of other V-type ATPases, does not appear to be related
to any other known protein. It also does not appear to contain
membrane-spanning regions or repetitive sequence motifs.
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There is no known counterpart to subunit H in the F-type
ATPases.

Materials and Methods

X-Ray Data Collection and Structure Determination. Subunit H was
purified from Escherichia coli cultures expressing the recombi-
nant protein. The purified protein was found to fully reconstitute
V-ATPase activity when added back to vacuolar membranes
isolated from vmal3A yeast mutants (unpublished work). Crys-
tals were obtained as described (9) in space group P3,21 with one
molecule per asymmetric unit.

For heavy-atom labeling the crystals were soaked for 1-21
days in mother liquor consisting of 50 mM Tris (pH 7.0), 100 mM
NaCl, 10 mM DTT, and 1 mM heavy atom.

Selenomethionine-derivatized protein was prepared as de-
scribed (10). Because of the high solvent content of the crystals
flash-freezing proved difficult. The best procedure was to take
a crystal in the above mother liquor, briefly submerge it in
paratone N, and then mount and flash-freeze it. Using this
procedure, native, multiple isomorphous replacement, and mul-
tiple wavelength anomalous dispersion (MAD) data sets were
collected at Stanford Synchrotron Research Laboratory beam-
lines 9-2 and 1-5. Data integration and reduction were per-
formed with MOSFLM and SCALA (11). The intensities of the
reflections were strong to about 6.0 A and fell off rapidly at
higher angles, explaining the relatively high Ry, (Table 1). The
difficulty in flash-freezing, and the weakness in the higher-
resolution diffraction data, can be attributed to the high solvent
content of about 73% (Vm = 4.4 A3/Da) (12) and to solvent
channels, 80 A in diameter, extending through the crystal.

The best heavy-atom data set [Eur1(Se)] was obtained from a
selenomethionine protein crystal soaked in 1 mM europium for
2 weeks. This, together with the isomorphous selenomethionine
data set (NAT2), allowed the position of a single europium
binding site to be immediately identified by visual inspection of
the difference Patterson map. A second, minor, site was iden-
tified by calculating cross-Fourier-difference maps and was
further confirmed by additional runs of SHELXS (13). Scaling and
initial phasing calculations were performed with SCALEIT and
MLPHARE (14). The refined positions and occupancies of the two
europium atoms were subsequently input into the program
SHARP (15), and the resulting phases were modified by solvent
leveling using DM or SOLOMON (14, 16). The resultant single
isomorphous replacement electron density map based on the
europium isomorphous replacement differences plus single-
wavelength anomalous scattering data and calculated to 4.2- A
resolution revealed much of the overall fold of the molecule,

Abbreviations: MAD, multiple wavelength anomalous dispersion; NLS, nuclear localization
signal.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org (PDB ID 1HOS).
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Fig. 1. Schematic overview of the V-type ATPases [adapted from Wilkens et
al. (6)]. Subunit H, also named Vma13p, is highlighted in green and only one
subunit is shown.

although at this stage individual amino acids could not be
identified.

By using the same europium-based single isomorphous re-
placement phases, four of the five expected selenium sites could
be located by difference Fourier calculations. [Because of the
poor quality of the diffraction data (Table 1), prior attempts to
locate the selenium atoms by inspection of isomorphous or
anomalous Patterson maps had failed, as did direct methods as
well as the automated Patterson-search methods SOLVE (17),
SNB, and CNs (18).] The europium-based single isomorphous
replacement phases, together with MAD phasing based on the
selenium atoms, then was used to aid in the refinement of the
selenium sites (15). The overall figure of merit was 0.48. The
resultant electron density map clearly showed the arrangement
of the a-helices and the topology of the structure (Fig. 24).

Using a higher-resolution native data set (NAT1, Table 1) and
the best phases from the europium derivative and selenium
MAD data, additional runs of phase extension, solvent flatten-
ing, and histogram matching from 5.0 A to 3.5 A were performed
(14). The resulting map to 2.95-A resolution (Fig. 2B) confirmed
the correct hand by the appearance of the a-helices and allowed
the identification of many of the large residues. During model

building some maps were calculated with an artificial overall
temperature factor of B = —70 A? to provide additional details.

Two possible binding sites for calcium ions can be inferred
from the positions of the europium atoms used in the phasing
process. The first is located close to Glu-34 and Asp-88, and the
second site is formed by residue Glu-35 and by residue Glu-352
from a symmetry-related molecule (Fig. 24). The first binding
site would be expected to be retained in solution, although not
necessarily the second.

Refinement. Model building was performed by using 0 (19) and
WHATIF (20). An initial polyalanine model (Reryse = 45.0%) was
subjected to several runs of torsion-angle molecular dynamics in
CNS (21, 22) in combination with bulk solvent correction, initial
anisotropic B-value correction, and phase combination with the
best experimental phase set. Refinement and map calculations
were performed with weighted coefficients as defined by Read
(23). The final refinement runs were performed with TNT (24,
25). Throughout the refinement an invariant set of reflections
(7% of the total) was set aside to calculate Riree.

The positions of the selenium atoms, the relative positions of
proline and glycine residues, and the identification of the larger
residues, especially within helices a14, a15, and «21, guided the
building of the polypeptide chain. The positions of the two loops,
coill (residues 52-71) and coil2 (residues 223-237), could not be
identified in the initial maps but became partially visible after
several rounds of torsion angle molecular dynamics of a prelim-
inary model that included about 75% of the residues. Statistics
for the current refined structure are given in Table 2. The high
overall Wilson B-value for the native data (65 A2) contributes to
the high overall B-values of the model.

Results

Overall Structure. Subunit H has an elongated structure consisting
of two distinct domains (Fig. 24). The larger amino-terminal
domain contains amino acids 2-352 and is primarily a-helical. Its
most striking feature is a repetitive arrangement of a-helices.

Between residues Ala-52 and Leu-353 there are 17 consecu-
tive a-helices that are arranged in a shallow, right-handed spiral
or superhelix of six turns (Fig. 24). Each turn of the superhelix
is made up of three a-helices. In successive turns, individual
a-helices are stacked, one on top of the other, at angles that vary
from about 18° to 33°. The mode in which adjacent, stacked
helices pack together is, in some respects, similar to that seen in
leucine zippers. This also is reflected in the fact that the most
abundant amino acids in the protein as a whole are leucine and
isoleucine, with respective frequencies of 14.6% and 8.4%.
Analysis of the amino acid sequence fails to detect any apparent
repetition between residues within successive turns of the
superhelix.

Table 1. X-ray data collection, phase determination, and refinement statistics

Single-wavelength data

MAD data [NAT(Se)]

NAT1 NAT2(Se) Eur1(Se) A A2 A3

Source/beamline SSRL/9-2 SSRL/1-5 SSRL/1-5 SSRL/9-2 SSRL/9-2 SSRL/9-2
Wavelength (A) 0.979 0.9796 0.9796 0.97938 0.97919 0.9640
Resolution (A) 2.95 4.5 3.8 4.0 4.0 4.0
Reflections

Total 87,426 16,965 44,602 57,998 57,476 57,777

Unique 20,090 4,826 8,672 8,434 8,422 8,396

Completeness (%) 99.8 83.5 99.8 99.7 99.7 99.6

1/a(l) 7.4 4.2 3.5 4.0 3.0 3.7
Reym (%) 7.4 (45.4) 13.7 (35.7) 16.7 (39.8) 14.2 (34.1) 13.1 (37.5) 14.7 (37.2)

Rsym gives the agreement between independent measurements of equivalent reflections with the values for the outermost shell of data in parentheses. For
single-wavelength data, unique reflections are to 3.8 A. For MAD data, both total and unique reflections are up to 3.5 A.
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Fig.2. (A)Stereoribbon diagram showing the overall structure of subunit
H. The amino-terminal domain is highlighted in yellow and the C-terminal
domain in green. The amino-terminal peptide including residues 2-10 is
colored in red. This and other related figures were prepared with BOBSCRIPT
(41), MOLSCRIPT (42), and RASTER3D (43). (B) Stereo diagram showing the
electron density map with experimental phases in the region between
helices a7, a9, and «12. The resolution is 3.5 A, and the map is contoured
at 1.1 0. (C) Electron density for residues 2-10. The coefficientsare (2 Fo—F.),
phases are from the refined structure, the resolution is 2.9 A, and the map
is contoured at 1.2 o. For clarity, only parts of the contacting helices a1, a8,
and «11 are shown.
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Table 2. Phase determination and refinement statistics

Phase determination statistics
Resolution (A) 4.2
Rcullis (%) 46(Eur), 58(582)
Phasing power 2.3(Eur), 1.4(Se2)
Figure of merit 0.39(Se1), 0.41(Se2), 0.16(Eur)
Overall FOM 0.48
FOM after solvent flattening and 0.72
phase extension
Refinement statistics

Resolution (A) 2.95
Rcryst/Rfree 22.1/31 2
Deviation from ideal geometry
Bonds (A) 0.015
Angles (°) 2.0

FOM is the figure of merit; Rryst and Ryree give the agreement between the
observed structure factors and those calculated from the refined model. As
verified by using the program PROCHECK (45), 98.6% of the Ramachandran
angles have “allowed” values and the remaining 1.4% are '‘generously
allowed.”

The individual a-helices that constitute the superhelical spiral
vary considerably in length, as do the loops that connect them.
Toward the beginning of the spiral, between helices a3 and a4,
there is a region extending from residues 52 to 71 where the
electron density is very weak, suggesting disorder or the presence
of multiple conformations.

The superhelical structure results in a shallow groove that
extends from one end of the amino-terminal domain to the other.
The center of this groove is occupied by the extreme amino-
terminal segment of the polypeptide chain including the first 10
residues, which adopt an extended conformation (Fig. 2 4 and
(). This amino-terminal peptide appears to be anchored in the

Fig. 3.  Superposition of subunit H (green) and residues 87-329 of karyo-
pherin o (PDB code 1EE4) (yellow) using the overlay matrix determined by DALI.
The parts of subunit H that were not included in the superposition are colored
gray. The amino-terminal peptide of subunit H (residues 2-10) is highlighted
in red. The NLS peptide bound to karyopherin a is shown in blue.

Sagermann et al.
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Hidden Markov sequence alignment of subunit H from yeast with related sequences from Homo sapiens, Drosophila melanogaster, Arabidopsis thaliana,

and Caenorhabditis elegans. Sequence identification numbers from the National Center for Biotechnology Information are gi/6325293, gi/6563196, gi/7801655,
gi/10728827, and gi/1086810. The secondary structure of yeast subunit H is shown below the alignment. The regions labeled coil1 and coil2 are disordered and
could not be reliably determined. The sequences that form structural repeats are underlined in orange and are labeled repeat 1 through repeat 5. Residues in
the alignment that are identical are shown in red boxes; those that are similar are shown in yellow boxes. The sequence highlighted in the pink box corresponds
to the alternatively spliced sequence found in mammalian subunit H sequences. The figure was prepared with the program ALscRrIPT (44).

groove predominantly by hydrophobic contacts with residues
Ile-6 and Leu-7 (Fig. 2C). Following the amino-terminal peptide
there is an a-helix (1) plus an extended strand that connects to
the start of the superhelix.

The second domain of subunit H consists of about 120 aa
(residues 353-478) and includes eight a-helices (Fig. 24). These
helices form two turns of a right-handed superhelix, which is
similar in overall topology to that seen in the amino-terminal
domain although the arrangement of the individual helices is less
regular.

The two domains of the protein, which are connected by a
four-residue loop, do not seem to be tightly packed against each
other, suggesting structural flexibility.

Structural Comparisons with Other Proteins. A secarch for structur-

ally similar proteins was performed with DALI (26). Despite the
apparent lack of any sequence homology, the algorithm identi-
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fied structural similarity with the importins. These proteins, also
called karyopherins, recognize proteins that bear a nuclear
localization signal (NLS) and facilitate their transport from the
cytosol into the nucleus (27, 28). Structurally, the importins are
built up from multiple copies of so-called armadillo or HEAT
motifs each of which is about 42 aa in length and consists of three
a-helices. Together these a-helical motifs produce a superhelical
structure with a shallow groove on one site of the protein that
has been shown to be the binding site for the NLS signal peptide.
In the present case, five turns of the superhelix within the
amino-terminal domain of subunit H (residues 77-349) super-
impose on the first five armadillo repeats of karyopherin «
(residues 87-329) with a rms deviation of about 3 A (Fig. 3) (27).
The same superposition also shows that the NLS peptide of the
karyopherin structure (PDB code 1EE4) occupies a position
very similar to the extended amino-terminal residue of subunit
H. Moreover a recent study indicates that the extended amino

PNAS | June 19,2001 | vol.98 | no.13 | 7137
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terminus of mammalian importin « (residues 44-54) occupies
the same position in the groove thereby autoinhibiting the
protein from binding to other peptides (28). This structure
provides a regulatory switch that allows importin « to bind
peptides with either high or low affinity.

Given the structural similarity with this class of proteins it
suggests that subunit H may use a similar mechanism to bind
other proteins. The crystal structure suggests that residues Ala-3,
Ile-6, and Leu-7 of the amino-terminal peptide interact with the
hydrophobic residues Leu-104, Phe-144, Val-185, and Leu-189 of
helices a8 and «11 (Fig. 2¢). Comparison with the sequences of
the known mammalian homologs of subunit H (Fig. 4) reveals
that Leu-104 is conserved, but not Phe-144, Val-185, or Leu-189.

Interactions of Subunit H with Other Subunits of the ATPase. Subunit
H of the bovine ATPase has been shown by crosslinking
experiments to interact with subunits E and F (compare Fig. 1)
(29). The corresponding subunits in the yeast complex (respec-
tively Vmadp and Vma7p) are essential for assembly (30-32).
None of these subunits is present in the F-type ATPases.
Modification of Cys-254 of subunit A of the bovine ATPase by
cystine causes subunit H to dissociate from the complex (29). It
remains to be determined whether this is the result of steric
interference at the interface between subunits A and H or a
transmitted structural change. Landolt-Marticorena et al. (33)
also demonstrated that subunit H forms a direct interaction with
subunit a of the Vy domain in vitro and in vivo.

The fact that several different subunits can interact with
subunit H suggests that there may be a number of binding sites
on the surface of the protein. The analysis of the structure
suggests two candidates. The first of these is the hydrophobic
groove that binds the amino-terminal peptide. The second
possible site is between the two domains. In this context, the
experimentally and model-phased maps both show weak elec-
tron density that could correspond to a peptide up to 10 aa in
length in the crevice between the amino-terminal and carboxyl-
terminal domains. On the other hand, refinement of a model of
this peptide resulted in low occupancy, and the coordinates
therefore were not included in the final model.

Sequence Homology to Subunit H in Other Eukaryotic ATPases. The
identity between the amino acid sequence of yeast subunit H and
the corresponding subunit in the mammalian ATPases is weak,
ranging from about 16% (bovine subunit H) to 14% (human
NBP-1). The sequence identity appears to be more pronounced
for the carboxyl-terminal 280 residues (34) (Fig. 4).

Studies on the bovine subunit have shown that it is expressed
in two different, alternatively spliced, versions named SFD-a and
SFD-B. SFD-«a contains an 18-aa insertion at position 175 (35).
Similar differentially spliced versions of subunit H also have
been identified for the porcine enzyme (36). Because the se-
quence correspondence within the first 200 aa is so poor, the
location of the alternatively spliced insert region of the bovine
and porcine sequences cannot be positioned unambiguously in
the yeast structure. The alignment of Zhou et al. (35) placed the
deletion at a position that corresponds to helix all of the yeast
enzyme. This position, however, seemed inconsistent with the
apparent importance of this helix in helping to maintain the
overall fold. An attempt therefore was made to improve the
accuracy of the alignment by using a hidden-Markov model (37)
to align all possibly related ATPase subunits. This multiple-
sequence alignment, a subset of which is shown in Fig. 4,
positions the deletion at a site that corresponds to a loop
between helices «10 and «l1. In the bovine enzyme this loop
presumably can be removed without interfering with the integ-
rity of the protein. A second insertion of 9 aa was found at
position 404, in agreement with the previous alignments (35).

7138 | www.pnas.org/cgi/doi/10.1073/pnas.131192798

Fig. 5. GRASP representation (38) of the molecular surface of subunit H
showing its electrostatic potential. The amino-terminal residues 2-10 were
omitted from the calculation and are displayed in white. Negative surface
charge is shown in red, positive in blue. An accumulation of negative charge
occurs between the two domains of the protein.

This region corresponds to the last turn of an a-helix plus six
residues in a surface loop.

The highest degree of sequence conservation within the
amino-terminal domain was observed for residues 283-291 of
helix «17. These residues are exposed at the C-terminal end of
the shallow groove, creating a positively charged patch on the
surface of the groove (Fig. 5).

Within the C-terminal domain the highest degree of sequence
conservation is between residues 353 and 383. The aromatic side
chains of residues Phe-356, Tyr-359, Trp-370, Phe-379, and
Trp-380 form the hydrophobic core of the domain and are likely
to be conserved for structural reasons. The main chain between
residues 365 and 388 follows the overall superhelical topology of
an armadillo repeat unit but differs substantially in detail. In
particular, it does not appear to be stabilized by helix—helix
packing interactions. Rather, the interactions of the aromatic
residues noted above, together with a conserved salt bridge
between residues His-374 and Asp-426 appear to be most
important.

Discussion

The observation that recombinantly expressed subunit H can
reactivate subunit H-depleted ATPase demonstrates the regu-
latory role of this subunit. The crystal structure of the subunit
suggests that it may have multiple binding capabilities. The long
elongated shape of the protein, the groove, the two-domain
structure, and the cleft between the domains provide a variety of
interfaces to interact with other subunits of the ATPase.

The most pronounced sequence similarity between yeast
subunit H and the other V-type ATPase subunits is within the
C-terminal half of the protein (34). This, together with the
observation that an amino-terminal, 180-aa deletion of subunit
H does not destroy ATPase activity (7) (unpublished work),
suggests that the binding sites to other ATPase subunits may be
located in the carboxyl-terminal half of the protein. This region
includes a part of the amino-terminal domain and the C-terminal
domain of the protein plus the cleft between them (Fig. 24). An
electrostatic potential surface representation (38) of this area
shows an accumulation of negative charges on the surface of the

Sagermann et al.



cleft (Fig. 5). As mentioned, the two domains are only connected
by a short 4-aa linker. The linker region could allow for structural
flexibility between the two domains and could possibly function
as an interface for subunit interactions to the ATPase via
electrostatic interactions. The biochemical evidence, however,
also suggests this area interacts with various other non-ATPase
factors.

The similarity of subunit H to the importin family of proteins
may provide a further structural basis for its regulatory function.
Because the importins are target proteins that carry a NLS
sequence, it raises the question of related function for subunit H.
In the importin (or karyopherin) case the binding and dissoci-
ation of imported proteins is triggered by association with
GTP-binding proteins (39). Two similar regulatory mechanisms
seem plausible with subunit H. First, because the activity but not
the assembly of the yeast V-ATPase depends on the presence of
subunit H, the regulation of binding of this subunit to the
ATPase could be triggered by a yet-to-be-identified cofactor.
The regulation of the binding affinity to the ATPase could occur
before or even while bound (40). Second, the amino-terminal
peptide of subunit H could play an autoinhibitory role similar to
the amino terminus in karyopherin «. Such an autoinhibitory
function of subunit H would imply that the on and off states of
the subunit are controlled by the amino-terminal peptide. Dis-
sociation of the peptide would lead to an increase in binding
affinity and vice versa. It therefore seems possible that the
amino-terminal peptide also could bind to another subunit. It
also might help form dimers of subunit H, which, in turn, could
lead to an inhibited or activated state. At concentrations above
4 mg/ml the protein precipitates and forms oligomers at high
concentrations of DTT (data not shown), supporting this hy-
pothesis. On the other hand, in contrast to the NLS peptides, the
amino-terminal peptide of subunit H does not appear to be
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conserved among the eukaryotic ATPases. Given this low se-
quence similarity of the yeast and mammalian subunits binding
of the peptide within the groove may not be critical in regulating
the ATPase activity in these organisms. It remains to be deter-
mined whether the shallow groove of the amino-terminal domain
is also a binding site for other factors as the structural similarity
to the karyopherin family suggests.

Interactions with Other Proteins. Several non-ATPase proteins
have been shown to interact specifically with subunit H. A human
protein termed Nef-binding protein-1 (NBP-1) that shares 19%
sequence identity to yeast subunit H coimmunoprecipitates with
the Nef protein of the HIV-1 virus (34). The interaction has been
confirmed by two-hybrid interaction assays. Expression of this
55-kDa protein can complement the loss of subunit H in yeast,
suggesting that NBP-1 functions as subunit H of the human
V-type ATPase.

Yndlp is a yeast ectoapyrase that also has recently been
identified to bind in vitro and in vivo to subunit H (40). The
inhibition of the association of the two peptides in subunit
H-depleted cells results in a dramatic increase of the apyrase
activity. The studies suggest that subunit H is actively involved
in the regulation of glycosylation reactions in the Golgi com-
partments. The interaction of subunit H with other non-ATPase
proteins may suggest the involvement of proton pumping in
other biochemical processes.
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