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Enterococcus hirae V-ATPase, in contrast to most V-type ATPases, is resistant to N-ethyl-
maleimide (NEM). Alignment of the amino acid sequences of NtpA suggests that the
NEM-sensitive Cys of V-type ATPases is replaced by Ala in E. hirae V-ATPase. Consistent
with this prediction, the V-ATPase became sensitive upon substitution of the Ala with
Cys. The three-dimensional structure of the NtpB subunit of V-ATPase was modeled
based on the structure of the corresponding subunit (« subunit) of bovine F,-ATPase by
homology modeling. Overall, the 3D structure of the subunit resembled that of a subunit
of bovine F,-ATPase. The NtpB subunit, which lacks the P-loop consensus sequence for
nucleotide binding, was predicted to bind a nucleotide at the modeled nucleotide-bind-
ing site. Experimental data supported the prediction that the E. hirae V-ATPase had

about six nucleotide-binding sites.

Key words: Enterococcus hirae, homology modeling, Na*-translocating ATPase, nucle-

otide binding, V-ATPase.

Ion-motive ATPases that do not form phosphorylated inter-
mediates are divided into two types: F F,-ATPase (F-
ATPase) and V,V-ATPase (V-ATPase). F-ATPase functions
as an ATP synthase in mitochondria, chloroplasts and oxi-
dative bacteria (1). V-ATPase functions as a proton pump in
acidic organelles, in plasma membranes of eukaryotic cells
(2) and in some bacteria (3). Both ATPases are similar mul-
tisubunit enzymes consisting of hydrophilic catalytic por-
tions (I, and V,) and membrane-embedded portions (F, and
V,, respectively) that constitute the proton pathway (4, 5).
Each hydrophilic portion contains three copies of catalytic
subunits (F-ATPase B subunit or V-ATPase A subunit),
three copies of noncatalytic subunits (F-ATPase a subunit
or V-ATPase B subunit), one copy of a central subunit, and
several minor subunits (4, 5). Studies of F,-ATPase have
been progressing much better than those of V,-ATPase.
Crystal structures of F,-ATPase from bovine mitochondria
have been obtained at atomic resolution (6). Further, the
“rotation catalysis” mechanism, proposed by P.D. Boyer (7)
has now been verified as the mechanism of F;-ATPase. As
F,-ATPase and V,-ATPase resemble each other both struc-
turally and functionally, it is generally accepted that the
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reaction mechanism of V,-ATPase is similar to that of F;-
ATPase (2, 5, 8).

On the other hand, there are several notable differences
between the F,-ATPase and V,-ATPase molecules. First, a
sequence stretch (about 90 amino acid residues) not found
in the F,-ATPase B subunit is conserved in the N-terminal
region of V,-ATPase A subunit (9). V,-ATPase is sensitive to
sulthydryl reagents such as N-ethylmaleimide (NEM) and
7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl), but F,-
ATPase is not (10). The B subunit of V,-ATPase lacks the P-
loop consensus sequence (GXXGXGKTYV) that is conserved
at the nucleotide-binding sites of 8 and a subunits of F-
ATPase and the A subunit of V,-ATPase (11). To under-
stand the differences between these enzymes, it i3 neces-
sary to determine the structure of V,-ATPase.

We found a variant of V-ATPase that physiologically
transports sodium ions in a fermentative bacterium, En-
terococcus hirae. The enzyme, consisting of nine subunits
encoded by a Na*-responsive operon (designated ntp) (9,
12), has been purified on a large scale using the cloned
genes (13, 14) and characterized biochemically (15-17). In
the V, domain, the NtpA and NtpB subunits both appear to
show about 40% sequence similarities (about 25% sequence
identities) with B and a subunits of bovine F,-ATPase (9,
12). Homology modeling based on such high similarity is
known to give fairly good results. In this study, homology
modeling of the NtpB subunit of E. hirae V,-ATPase was
done based on the three-dimensional structure of the corre-
sponding subunit (« subunit) of bovine F,-ATPase. The
obtained structure implies new information that was con-
sistent with experimental data.
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MATERIALS AND METHODS

Alignments of Amino Acid Sequences of NtpA and NtpB
Subunits—Alignments of the amino acid sequences were
created by using DAYHOFF (I18) and modified by hand
based on conserved residues found by using PROSITE (19)
and Clustal W (20) (Fig. 1). The amino acid sequences of
the NtpA and NtpB subunits had approximately 25 and
22% sequence identities, respectively, with those of f and «
subunits of bovine F;-ATPase. The NtpA subunit has 90
non-matching amino acids as shown by the blue box in Fig.

A

NTPA

YVA 1 MAGAIENARKEIKRISLEIMAE 22
EFB

BYFB

NTPA I WQIGKI IRV SGPLVMAE—NMSEAS [ ~UDMCLVG-DLGY IGE I IE-SROD\ASIUVYEET 65
YVA 23 SEYGAIYSVSGPVVIAE—NMIGCAM-YELVKVG-HDNLVGEVIR-IDGDRATIQVYEET 77
EFp | MATGKIVQY [GAVVDVEFPQDAVPRVYDALEVUNGNERLYLEVQOULGGG IVRTIAMGSS 60
BUFP 9 TTGRIVAVIGAVVDVQF-DEGLPPILNALEVQGRETRLYLEVAQHLGESTVRTIAMDGT 66
NTPA 66  SGIGPGEPVRSTGEALSVELGPG! | SUMFDGI QRPLDTFVEYTOSNFLGRGYQLPALDIE 116
VA 78 AGLTVGDP\ LKTGRPLS\ ELGPGLMET I YDGIGKPLKA I KEESQSTY IPRGIDTPALDRT 137
EFp 61 DGLRRGI.DVKDLEMPIEVPYGKATLGRIMNVLGEPVOMKGE IGEEERRAIHRAAPSYE-E 119
BYFP 67  EGLVRGOKYLDSGAPIRIPYGPETLGRIMNYIGEP IDERGPIKTRQFAAIHAEAPEFY—E 126
NTPA 116 P~ 172
YVA 138 WQFTPGKFQVGDH L ) ! 187
EFB 120 121
BUFB 126 127
NTPA 173 1CVIETEQGLRY RUPVRRGIP TEQK {LXPOVPYI TGORVIDTFFPYTKGGAAA | 232
YVA 198 1LEVEED } FALSADYPLLTGQRVLDALFPO\QGGTTC & 257
EFB 122 -NSQEL-LETGIKVIDLMCPFAKGGRVG | 151
BUF 128 -VEQEI-LVTGIKVYDLIAM AKGGKIG § 156
NTPA 233 BERERE .\ QHQTAKRSDVDL—VVY\ GCGERGNENTUNVNEFPEL~10-PXTGESLME 287
YVA 268 [WREERE v 1SQSLSKYSNSDA—1 1 YVGCGERGNEMAEVLMFEFPELYTEMSGTKEP MK 314
EFB 162 SRR YNVMEL 1 RN AL EHSGYSVFAGVGERTREGNDFYHEMTDSNY-1—D—— 202
B\FB 167 ARERE VL | MEL TNNVARAHGGYSVFAGVGERTREGNDL YHENI ES—GV-TNLKDA-TS 213
NTPA 288 RTVLIANTSNVI\ AAREASIYTGITIAEYFRIN-GYDVA I MADSTSRRAEALREMSGRLE 346
YVA 315 RTTLYANTSNMPA AAREASIYTGI TLAEYFRUQ-GKNVSWIADSSSRNAEALRETSGRLG 373
EFp 203 KVSLYYGQMNEPPGNRLRVALTGLTMAEXFRU-EGRUN LLFVDNI YRYTLAGTEVSALLG 261
BYFB 214 KVALVYGQMNEPPGARARYALTGLTVAEYFRUQEGQUYLLF IDNIFRFTQAGSEVSALLG 273
NTPA 347 EPGDEGYPAYLGSRIAEYYERSGRY I ALGSDQREGS I TALSA\SPSCGDISEPVTQNTL 406
YVA 374 EMPADQGFPAYLGAKLASFYERAGKAVALGSPURTGSYSIVAAYSPAGGIFSOPVITATL 433
EFB 262  RMPSAVGYQPTLAEENGVLQERITST-—~——KTGSI TS\ GAYYVPADULTUPSPATTF 314
BUFP 279 RIPSAVGYQPTLATINGTUQERTTTT-————FKGSITS\QAIYVPAUDLTOPAPATTF 326
NTPA 107 RVVKVFWGLDSSLAQKRHFPS[N¥1QSYSLYSTE) GRYWD-—QILQQDYSIMVTEGMRIL 464
YVA 434 GITQVFWGLUKKLAQRKHFPSINTS\ SYSKYTNVLNKFYD-SNY~P~EFF\ LRURMFEIL 490
£FB 316 AHLDATVVLSRQIASLGIYPAVDPLDSTSRQLDP-———1¥YGQEHVDTAR-GVQSIL 366
BYFB 327 AHLDATTVLSRATAELGIYPAVDPLUSTSRIMIP———-NIVGSEINDVAR-GVQKIL, 978
NTPA 166  QEEEQLNEIVRLVGIDSLSDNDRLTLEVAKS IREDYLOQNAFDDVDTFTSREKQFN-MLK 523
YVA 491  SNAEPLEQVVQLVGKSALSDSDKITLDVATL[KEDFLQONGTSTYDAFCPINKTFD-WR 549
EFB 367  QRYQELKDITAILGMDELSEEDKLYY ARARK I QRFLSG-—PFFYAEVFTASPGKYVSLKD 424
RUFB 379 QOYRSLQD!IAILGMDELSEEDKLT\ SRARKIQRFLSQ—PFQ\ AEVFTGHLGKLVPLKE 436
NTPA 524  VILTFGKEARKALSLGAYFNEIMEGT\AVRERISRSKY [-PEEELAKISSINEEIKETIQ 582
YVA 550  AF1SYHDEAGRAVANGANWSKLADSTGDVKHAVSSSKFFEPSRGEKEVHGEFEXLLSTMQ 619
EFf 425 TIRGFKGIMEGEYDIILPEQAFYMVGS 1EEAVEKAKKL 461
BYFB 437 TIRGFOQILAGEYDHLPEQAFYMVGP]EEAVAKADKLA 474
NTPA 583 LIVSEGOMTDD 593
YVA 620  ERFAESTD 627
EFB

BMFP

Fig. 1. Alignments of amino acid sequences of E. hirae V-ATPase
subunits with those of other ATPases. Numbers at both ends of
each line are those of amino acid residues of different ATPase sub-
units starting from the amino termini. Alignment of the amino acid
sequence of the NtpA or NipB subunit of E. hirae V-ATPase (NTPA or
NTPB) with that of the A or B subunit of Saccharomyces cerevisiae
(YVA or YVB) V-ATPase, B or a subunit of E. coli (EFB or EFa) and
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1A. About 30 amino acids are lacking in the NtpB C-termi-
nal sequence corresponding to that of the a subunit of
bovine mitochondrial F,-ATPase (Fig. 1B).

Site-Directed Mutagenests of NtpA Subunit—Site-direct-
ed mutagenesis for replacement of Ala236 by Cys was done
using the PCR-amplified product obtained with a mutated
oligonucleotide primer. The oligonucleotide used was as fol-
lows, with the substitution site underlined: A236C, 5-TTC-
CAGGGCCCTTTGGTTGTGGGAAGAC-3'.

The PCR product was inserted into the corresponding
site in the ntpA gene on pHEexA as described previously
(21). The base replacement was confirmed by DNA se-

XTPB 1 MIKEVRTIREV\GPLY 16
VVB ! NYNTVSGVNGPLY ILEKVKFPRYNELYNLTLPDGTYRQCQVLEIRGDRAL 50
EFu 1 MOLNSTE I SELIKQRIAQFNVVSEAINEGTIVSVSD 35
B 24 DLEETGRVISIGD 36
NTPB 17 AVEEVSGVYKYEELIEVRMQNGEIRRGQVLEVQEDRAVVQI FEGTSGINLRNSSYRFLGHP 76
VB 51 ILERYKFPRYNE[VNLTLPUGTVRQGQ! LEIRGDRAI\ QVFEGTSGIDVKKTTVEFTGES 110
EFa 37 GVIRIHGLADCUQGEMISLP-GNRYAIALM ERDSVGAVYMGPYADLA-EGNKVKCTGRI 94
BuFa 37 GIARVHGLRN\ QAEENVEFS-SGLAGUSLALEPDNYGY VVFGNDL IR-EGDIVRRTGA] 94
NTPB 77 LQLGYSEDAIGRYFDGLGRPKDNGPE! LPEKYLDINGEV INPIARDYPDEF IQTGISALD 136
B 111 LRIPYSEDMLGRIFDGSGRP | NGVRVFAEDYLDINGSP INPYARIYPEEUISTGVSALD 170
EFct 95 LEVPYGRGLLGRVVNTLGAP [ DGKGPLDHDGFSAVEAIAPGY IERQSVDQPYQTGYKAYD 164
B¥Fa 95 VIVPYGEELLGRYYDALGNAIDGRGPIGSRARRRVGLKAPG I IPRIS\REPWATGIRAYD 164
xTPB 137 i AAQIARQATVLDSSD————DFAVFAAIGITF 188
B 171 TIOSTARGUR[P] ISR 01 CHQAGLVRPTKDVIDGHEENTS [VFAAMGYNL 230
EFa 155  SUIPIGRGOR—E1 SRMINRE ' | 4 DA 1 1NG-R-DSGI —K———CIVVAIGQKA 202
BMFot 155 SLYPIGRGGR—1 MUMMIEET | 1A 1DT | INGKRFNDGTDEXK—RLYCINVAIGRKR 210
NTP8 189  EEAEFFMEDFRQTGATURS\ MFANLANDPA| ERTATPRMALTAAEYLAYEKGUIVLY VT 248
VB 231 ETARFFKQUFEENGSLERTSLFLNLANDPTIERI I TPRLALTTAEYLAYQTERIVLTILT 290
EFu 203 STISKVVRKLEEHGALANTIVY'VATASESAALQYLAPYAGCAMGEYFRDR-GEDALIIYD 261
BMFu 211 STVAQLYKKLTDADAMKYT IVYSATASDAAPI UYLAPYSGCSGEYFRON-GRIALTTY] 268
NTHB 249 DNTNYAEALRE | SAARREVPGRRGYPGYLYTNLATLFERAGRIR—GLK—————— 295
B 201 DMSSYADALREVSAAREEVPGRRGYPGYNYTDLSTI YERAGRVE—GRY—————— 337
FFa 262 IH.SKQAVAYRQISLLLRRPPGREAFPGOVFYLHSRLLERAARYNAEYVEAFTKGEVRGKT 321
BWFa 270 DLSKQAVAYRUMSLLLRRPPGREAYPGDVFYLHSRLLERAAKNNDAFGG——————= 318
NTPB 286 GSVTQIPILTVPEDDKTHPIPDLTGY I TEGQ! ILTRELYKSGIQPPIDVLPSISKLKDKG 355
B 338 GSITQIPILTMPNDDLTHPIPDLTGY I TEGQI FYDRQUUNKGIYPPINVLPSLSRLMKSA 397
EFa 322 GSLTALPIIETQAGDVSAFVPTRVISITDGQIFLETNLFNAGIRPAVNMGIS\SRY——G 378
B¥Fa 319 GSLTALPYIETQAGDVSAYIPTNVISITDGQIFLETELFYRGIRPAINVGLSYSRV—G 375
NTPB 356 TCAG-KTREDHAATMNGLFAAYAQCRQAKELAVVLGESALSDIDK I YARFAERFENEYWN 414
VB 308 [GEG-UTREDHGDYSMULYAKYAIGRDAAAMKAY GEEALS [EDKLSLEFLEKFERTFIT 456
EFa 379  GAAUTRIMKKLSGGIKTALAQYRELAAFSQFASDIDDATRKULDHGQKVTELLKGKQYAP 438
B 376 SAAQTRAMKQ) AGTVELELAQYREN AAFAQFGSDLDAATQQLLSRGYRLTELLKQGQYSP 435
NTPB 416 QOFYTNRTITETLULGYELLAMI PRTELKR I KDDLLDRYLPEGK 458
B 457 QGAYEDRTVFESLUGAVSLLRIYPREMLNR | SPK ILUEFYDRARIDABEDEEDPUTRSSG 616
EFa 439 WSVAQQSLVLFAAE—RGYLADVELSKIGSFEAALLAYVDRDHAPLUGE INQTGGYNDE] 496
Bt 1436 WAIEEQVAVIYAGY-—RCYLDKLEPSK I TRFENAFLSHY ISQHQALLGK I RTDGKISEES 493
NTPB

B 517  KKKDASQEESLI 528
EFa 497 ECKLRGILDSFRATQSY 513
o 494 DAKLKEIVTNFLAGFEA 610

bovine (BMFB or BMFa) F-ATPase, respectively, is shown. Red boxes
indicate P-loop sequence regions. The blue box indicates the inserted
90 amino acid sequence region. Green boxes indicate important resi-
dues for nucleotide binding in bovine F-ATPase a subunit, and yellow
baxes indicate predicted corresponding important residues for nude-
otide binding in NtpB. A, Alignment of NtpA. B, Alignment of NtpB.
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quencing using the dideoxy method (22). The constructed
plasmid (pHEexAA236C) or pHEexA (having wild-type
ntpA) was introduced into E. Airae mutant Nak1 (nonsense
mutation of néipA gene) (23). Membranes were obtained
from these strains and the ATPase activities of the mem-
branes were measured according to the reported method
(21). NEM was added to the reaction mixture 10 min before
the ATPase activity assay.

Homology Modeling of NtpB Subunit—The 3D structure
of the NtpB was constructed based on the X-ray crystal
structure of the a subunit of bovine mitochondrial F,-
ATPase [PDB code: 1BMF] using Insight II/Discover Ho-
mology software. The structures of the inserted portions
predicted by the alignment process were randomly gener-
ated and refined on the structure of F,-ATPase. Finally, the
3D structure was optimized by energy minimization using
Insight II/Discover. The 3D—1D compatibility of the ob-
tained structure was examined by use of its 3D-1D profile
(24). Electrostatic potential of the surface of nucleotide-
binding sites was calculated using Insight II/Delphi (25).

Measurement of Nucleotide Binding to Purified V-
ATPase—V-ATPase was purified by anion-exchange and gel
filtration chromatographies as described previously (14).
The equilibrium-dialysis method was applied for the mea-
surement of nucleotide binding of the purified sample using
a microequilibrium-dialysis apparatus as described previ-
ously (16). The purified enzyme (final concentration, 3 pM
ATPase) in 50 pl of buffer A (50 mM Tris-HCl, 5 mM
MgCl,, 20% glycerol, 1 mM dithiothreitol, 100 mM NaCl,
and 0.05% dodecyl maltoside; pH 7.5) was placed in a
chamber, and various concentrations of [a-**P]ATP in 50 pl
of buffer A was placed in another chamber. The solutions in
the two chambers, separated by a membrane filter (Spec-
tra/Pro, MWCO: 3,500), were equilibrated for 3 h at room
temperature. The total amount of nucleotide binding to the
purified sample was calculated from the difference in radio-
activities (Cerenkov ray) in the two chambers measured
with a liquid-scintillation counter (IS5000TD, Beckman).
The amount of specific binding of nucleotide to the enzyme
was estimated by subtracting the amount of nonspecific
binding, which was measured by diluting the radioactive
substrate with 5 mM nonradioactive ATP. The measure-
ment was repeated three times, averaged, and the standard
deviation (SD) was calculated.

Others—Protein was determined according to the
method of Lowry et al. (26) with bovine serum albumin
used as standard. [a-*?P]JATP (111 TBg/mmol) was pur-
chased from Amersham Corp.

RESULTS AND DISCUSSION

NEM Sensitivity of the ATPuse—Eukaryotic V-ATPases,
but not F-ATPases, are in general highly sensitive to sulf-
hydryl reagents such as NEM and NBD-Cl (10). Several
reports showed that modification of the A subunit cysteine
residue (Cys261 in the P-loop of the yeast enzyme) led to
resistance of the V-ATPase activity to these reagents (27-
29). In contrast, E. hirae V-ATPase was less sensitive to
these sulfhydryl reagents (30). In this enzyme, the cysteine
residue was not conserved at the corresponding position of
the nucleotide-binding site (P-loop) in the NtpA subunit
(Fig. 1A, red box), being replaced by alanine (Ala-236). The

- “P-loop-consensus-sequence is thought to be criti¢al for cata- ~
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lytic activity of ATP hydrolysis. To verify the role of Cys in
the sensitivity to NEM, we constructed a subunit A mutant
(A236—C) of E. hirae V-ATPase. Neither assembly nor the
Na*-ATPase activity was altered in the mutant enzyme
(data not shown). Figure 2 shows the sensitivity to NEM of
subunit A mutant (A236—C). The Na*-ATPase activities of
9790 (wild type) and Nakl/pHEexA (Nakl harboring the
plasmid with native nfpA gene) were inhibited by NEM
with K values of about 0.1-0.2 mM (Fig. 2; open and closed
circles). In subunit A mutant (Nak1/pHEexAA236C; Nak1
harboring the plasmid with mutated ntpA gene: A236—C),
the NEM sensitivity of the Na*-ATPase activity was drasti-
cally altered; the K value was about 0.01 mM (Fig. 2, trian-
gles). These results indicate that the cysteine residue at the
nucleotide-binding site of the V-ATPase is the target of sulf-
hydryl reagent attack, and that the P-loop sequence is
important for the catalytic activity.

Homology Modeling of NtpB Subunit—Figure 3, A and
B, shows overall 3D structures of the a subunit of bovine
F,-ATPase and the NtpB subunit which was modeled on
the basis of sequence alignment of these subunits, the coor-
dinates of crystal structure of the a subunit, and energy
minimization as described in “MATERIALS AND METHODS.”
The overall structure of the NtpB subunit mostly matched
the structure of the a subunit. NtpB lacks the correspond-
ing C-terminal region (A478-A510) of the « subunit (shown
by green ribbon in Fig. 3A). The 3D-1D scores of the mod-
eled structure of NtpB were satisfactory except for the C-
terminal 30 amino acids (data not shown). The low scores
of this part may suggest inappropriate structure modeling
due to the absence of the region corresponding to the C-ter-
minal region of the a subunit in F,-ATPase (Figs. 1B and
3A).

The B subunits of V-ATPases including NtpB lack the P-
loop sequence but possess another conserved sequence
among V-ATPases from various species, which contains
amino acids frequently found in random coil conformations
or in turns (Fig. 1B) (11). Nucleotide binding to the isolated
B subunit of prokaryotic V-ATPase from Thermus thermo-
philus was not observed (31). On the other hand, the B sub-
unit of eukaryotic V-ATPase from Saccharomyces cerevisiae

Relative ATPase nethvity (%)

T T——TT T T T T T y
4 01 02 03 04 05 86 07 08 0% 18
NEM (mM)

Fig. 2. Sensitivity to NEM of the Na*-ATPase activities of mem-
brane vesicles from Ala-236 Cys mutant. Membranes were pre-
pared from each strain grown in NaTY medium containing 0.5 M
NaCl. Assays were performed at pH 8.5 according to the method de-
scribed previously (21). NEM was added 10 min prior to initiating
the reaction. Symbols: o, ATCC9790; e.
pHEexAA236C.

o, Nakl/pHEexA; 4, Nakl/
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Fig. 3. Modeled structure of NtpB
and crystal structure of o subunit
of bovine F,-ATPase. A and B show
the overall 3D structures of the a
subunit and NtpB subunit, respec-
tively. The gray part of the diagram
is a schematic model of the hydro-
philic portion of these ATPases and
indicates which subunit is depicted.
The green ribbon in panel A shows
the C-terminal region of the a sub-
unit, which NtpB lacks. C and D
show 3D structures of the nudeotide-
binding sites of the a subunit and
NtpB subumit, respectively. Green
ribbons show the structures corre-
sponding to the P-loop regions. AMP-
PNP was placed at the corresponding
position in the nucleotide-binding
site of NtpB. E and F show electro-
static potential surfaces of nucleo-
tide-binding sites of the a subunit
and NtpB subunit, respectively. Neg-
ative surface charge is shown in red
and positive in blue. AMP-PNP was
placed at the corresponding position
in the nucleotide-binding site of
NtpB.

J. Biochem.

2102 ‘62 quBI0es UO AISIOAIUN Pezy dIWe S| e /BI0'seuno(pioxo-qly/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

Nucleotide-Binding Sites in V-Type Na*-ATPuase from Enterococcus hirae 793

was shown to be modified by both 3’-O-(4-benzoyl)benzoyl-
adenosine 5'-triphosphate (32) and 2-azido-ATP (33), and
the purified recombinant B subunit could be labeled on
irradiation in the presence of [a-**PJATP (34), suggesting
that the B subunit of the eukaryotic V-ATPase has nucle-
otide-binding capability. The modeled structure of the se-
quence corresponding to the P-loop in NtpB was stable in
energy minimization and closely matched that of the nucle-
otide-binding site of bovine F-ATPase o subunit. In studies
of the o subunit of F-ATPase, it has been reported that
three residues (BMFa: K175, T176, D269; shown by green
boxes in Fig. 1B) are especially important for binding of a
nucleotide and Mg?* at the nucleotide-binding site (Figs. 1B
and 3C) (35). K175 residue of the a subunit, the residue
responsible for nucleotide binding, is conserved at the cor-
responding site (as K158; shown by yellow box in Fig. 1B)
of the NtpB subunit. T176 and D269 residues, which are
responsible for Mg® binding, are replaced by E159 and
T248 at the corresponding sites (shown by yellow boxes in
Fig. 1B and also see Fig. 3D). For protein function, the 3D
structure rather than 1D sequence order is important. In
Fig. 3, C and D, T176 and D269 of the o subunit structur-
ally correspond to T248 and E159 of NtpB, respectively.
Furthermore, the electrostatic potential surfaces of the
nucleotide-binding sites of the o subunit and NtpB, espe-
cially the binding sites of Mg® and y-phosphate of AMP-
PNP, showed similar tendencies (Fig. 3, E and F). These
characteristics suggest that a nucleotide binds to the corre-
sponding nucleotide-binding site in NtpB as well as F-
ATPase o subunit and yeast V-ATPase B subunit.
Nucleotide Binding to Purified V-ATPase—Figure 4
shows the ATP concentration dependence of the specific
binding of nucleotide to purified ATPase. In this experi-
ment, most of the added [«-*2P]ATP was hydrolyzed by the
ATPase during incubation for 3 h at room temperature.
Therefore, we think that the detected nucleotide-binding
capacity was due to the binding of [a-**P]JADP rather than
[a-**P]ATP. The Scatchard plot (Fig. 4, inset) of this data
shows an intercept on the abscissa at 5.8, indicating that
about 6 molecules (SD 5.7 + 0.4) of nucleotide (ADP and/or

—e—

0 0.1 0.2 0.3 0.4 0.5 0.6
ATP (mM)

Fig. 4. ATP concentration dependence of nucleotide binding to
purified V-ATPase. The inset shows the Scatchard plot of the spe-
cific binding of nucleotide ({a-*P]ADP and/or [a-*P]ATP) to the pu-
rified enzyme. 6 is defined as the number of moles of bound
nucleotide per mole of the enzyme. Each point is the averaged value
of three experiments. . .
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ATP) bind per molecule of the enzyme. The slope of the
Scatchard plot indicates that- the--dissociation- constant
(K yncioondey) 18 17 pM (SD 18 + 4 uM). This value is similar
to the K value (20-40 uM) for ATP of the ATPase activity
measured with ATP-regenerating system; in this system
ADP seemed to competitively inhibit the ATPase activity
with similarly high affinity, although we have not deter-
mined the precise K, value for ADP (unpublished data). The
amount of nucleotide binding per enzyme was similar to
that of Na* binding to the enzyme (6 + 1 Na* bound/enzyme
molecule) (16).

The ATPase has three catalytic and three non-catalytic
subunits. Each catalytic subunit (NtpA) is thought to have
one nucleotide-binding site. Therefore, the remaining three
of the six bound nucleotides are likely to be bound to the
three non-catalytic subunits (NtpB), which is consistent
with the prediction from the modeled structure of NtpB.
Thus, the models of these subunits were useful in providing
an insight into the structureffunction relationship of the
protein. To elucidate the significance of this nucleotide
binding, further experiments are necessary.
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