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ABSTRACT Preparations of mammalian H* pumps that
acidify intracellular vesicles contain eight or nine polypeptides,
ranging in size from 116 to 17 kDa. Biochemical analysis
indicates that the 70- and 58-kDa polypeptides are subunits
critical for ATP hydrolysis. The amino acid sequences of the
major catalytic subunits (58 and 70 kDa) of the endomembrane
H* pump are unknown from animal cells. We report here the
complete sequence of the 58-kDa subunit derived from a human
kidney cDNA clone and partial sequences of the 70- and 58-kDa
subunits purified from clathrin-coated vesicles of bovine brain.
The amino acid sequences of both proteins strongly resemble
the sequences of the corresponding subunits of the vacuolar H*
pumps of Archaebacteria, plants, and fungi. The archaebac-
terial enzyme is believed to use a H* gradient to synthesize
ATP. Thus, a common ancestral protein has given rise toa H*
pump that synthesizes ATP in one organism and hydrolyzes it
in another and is highly conserved from prokaryotes to hu-
mans. The same pump appears to mediate the acidification of
intracellular organelles, including coated vesicles, lysosomes,
and secretory granules, as well as extracellular fluids such as
urine.

Vacuolar, or endomembrane, H*-translocating ATPases are
responsible for the acidification of a variety of intracellular
organelles in plant, yeast, and animal cells. In accord with
this distribution, these H* pumps serve a diverse set of
functions. In eukaryotic cells, the H* gradients generated by
these enzymes are necessary for lysosomal acid hydrolase
activity, processing of endocytosed receptor-ligand com-
plexes, and posttranslational modifications within the Golgi
apparatus. Specialized functions in animal cells include a role
in the maturation of prohormones within storage granules and
in the energization of neurotransmitter uptake in synaptic
vesicles. Similar H*-translocating ATPases are found in the
plasma membrane of renal epithelial cells of the distal neph-
ron (cortical and medullary collecting ducts) where they
serve to excrete H* in compensation for the acid load arising
from dietary intake and basal catabolism (reviewed in refs.
1-5).

Because of the diverse functions associated with intraor-
ganelle acidification by the vacuolar H* pumps, much atten-
tion has recently been directed toward their biochemical and
molecular characterization. There is general agreement
among numerous groups that structurally these H*-trans-
locating ATPases are large (300-700 kDa) heterooligomers
(6-11). The reconstitutively active enzyme, purified from
bovine brain clathrin-coated vesicles, contains eight major
polypeptides with apparent molecular masses of 116, 70, 58,
40, 38, 34, 33, and 17 kDa (6, 12). A similar polypeptide
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composition has been reported for the bovine adrenal chro-
maffin granule ATPase (10, 11). H* pumps with similar
enzymatic properties have been purified from plant and fungal
vacuolar membranes and shown to contain at least three
polypeptides with molecular masses of approximately 70, 58,
and 17 kDa (7-9). At present, the subunit composition of
endomembrane H* pumps is controversial. Through recon-
stitution of dissociated subunits, selected polypeptides have
been proven to be subunits and, in some instances, their roles
in pump function have been ascribed.

Generally, these H* pumps resemble F;Fy-type ATPases in
that they are functionally and structurally comprised of two
main sectors, one responsible for ATP hydrolysis and one that
serves to lower the activation energy for transmembranous H*
movement—i.e., a pore. Biochemical analysis has led to
partial definition of both domains. The 17-kDa subunit has
been isolated from the clathrin-coated vesicles and was shown
to serve as a N,N'-dicyclohexylcarbodiimide-sensitive H*
pore (13). A ¢DNA encoding the 17-kDa subunit of the
chromaffin granule H* pump was isolated, and its sequence
characteristics were shown to agree well with a functionin H*
transport (14). Partial resolution and reconstitution of the ATP
hydrolytic domain of the clathrin-coated vesicle H* pump has
also been achieved. It appears that the 70- and 58-kDa com-
ponents constitute the core of the catalytic center and two
additional polypeptides, likely the 40- and 33-kDa species, are
required to render the reaction center catalytically active (15).
The central role of the 70-kDa subunit in catalysis has been
emphasized by the finding that ATP, nucleotide analogues,
and N-ethylmaleimide (an inhibitor of this pump) bind to this
component (4, 7-9). Thus, at present, five of the eight major
polypeptides (70, 58, 40, 33, and 17 kDa) present in the purified
bovine brain clathrin-coated vesicle H* pump have been
shown to be genuine subunits. The role of the remaining
polypeptides (116, 38, and 34 kDa) remains unknown. Of
these, the 116-kDa polypeptide is perhaps the most contro-
versial candidate subunit. One preparation of mammalian
H*-ATPase (16) apparently lacks this polypeptide, whereas
three other preparations from mammalian membranes have
this polypeptide as a constant feature (6, 10, 11). From a
biochemical perspective, removal of this polypeptide from the
H*-translocating complex results in a transition in function
such that the enzyme can no longer use Mg?* as divalent cation
to support ATP hydrolysis; rather, ATPase activity becomes
Ca’* dependent. However, attempts at restoring Mg?*-
activated ATPase activity by reconstitution of the 116-kDa
polypeptide to the 116-kDa-depleted subcomplex have been
unsuccessful to date and thus the 116-kDa polypeptide has not
been causally related to pump function.

The primary structures of the 70- and/or the 58-kDa
subunits of the vacuolar H* pump have recently been re-
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Table 1. Amino acid sequences determined from the 58-kDa and 70-kDa subunits of the bovine clathrin-coated vesicle H* pump

Peptide Yield

Residue

1 2 3 45 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

58 kDa subunit

T-51 80 pmol LT YK

T-97 75 pmol T PV S EDMLGR

T-132A 45 pmol Y AEIVHLTLTPDGT

T-132B 6pml (QQL F H P EQ(L)I T G K E

T-206 65pml T V Y E T L D I G W Q L L

T-210 40 pmol AVVGETEALTS STDTU DL

CNBr2 3 pmol x G I VDGAAPETLTZPUV

CNBr3 22 pmol x G I VDGAAZPETLTPUV

CNBr7 l1pmol (K)A V V G E E A LT S DD

CNBr6 45 pmol N S VALGOQ(INTIUPTITF S
70 kDa subunit

T-99 120 pmol W A E A L R

T-103 130 pmol L ASFYETR

T-129A 95 pmol L AEMZPADSGY?PAY

T-129B 40 pmol VGHSELVG GETITIR

T-157 30 pmol VGSHITGGDTITYGTI

T-229 40 pmol T GLPLSV(EVLGT?PGTI

T-233 50 pmol EGSV S IVGAVSUPTP

CNBr-1 2 pmol x x DS GY PAYULG A()

CNBr-2 7pmol (G)A I F D 6 I Q(V)P L(V)D
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Amino acid sequences are given in single-letter code. Unidentifiable residues are

ported from Neurospora (17, 18), plants [Daucus (19) and
Arabidopsis (20)], and Archaebacteria [Sulfolobus (21, 22)].
These structures demonstrate a high degree of interspecies
conservation of the vacuolar H* pump and a low, but
significant, homology between the 70- and 58-kDa subunits
and the catalytic (8 and a) subunits of another class of
ATP-driven H* pumps, the F;Fy-type ATPases. Up to now,
little information has been obtained regarding the structures
of the 70- and 58-kDa subunits from animals, and the rela-
tionship between the animal H* pumps operating in highly
specialized organelles and the enzymes from prokaryotes and
lower eukaryotes is unknown. We report here information
concerning the amino acid sequences of the mammalian 58-
and 70-kDa subunits. !l These sequences show a remarkable
degree of conservation with respect to the catalytic subunits
of the H*-pumping ATPases from plants, fungi, and Archae-
bacteria, suggesting a possible pathway for the evolution of
eukaryotic cells from the progenitors of Archaebacteria and
Eubacteria.

EXPERIMENTAL PROCEDURES

Protein Purification and Amino Acid Sequencing. The en-
domembrane H* pump was purified from clathrin-coated
vesicles of bovine brain as described (6). Individual subunits
were purified from the H* pump preparation by preparative
SDS/PAGE and recovered by electroelution. The NH; ter-
mini of both the 58- and 70-kDa subunits were found to be
blocked to Edman degradation. Two strategies were pursued
to obtain internal amino acid sequences (23, 24). First, =100
pmol of electroeluted protein was cleaved with CNBr in 70%
formic acid. Cleaved protein fragments were separated by
SDS/PAGE, electroblotted onto Immobilon membranes
(Millipore), stained with Coomassie blue, and subjected to
amino acid sequencing directly from the membrane as de-
scribed by Matsudaira (25). In the second approach, =300
pmol of electroeluted protein was digested with trypsin. The
protein digest was fractionated by reverse-phase (C18)
HPLC, and individual peaks were collected and subjected to

IThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M25809).

[=3

enoted by x, and ambiguous residues are in parentheses.

automatic amino acid sequencing as described (23, 24).
Sequences and yields are summarized in Table 1.

c¢DNA Cloning and Sequencing. Oligonucleotides designed
to be complementary to the peptide sequences T-210 and
CNBr7 were used to screen a human kidney cDNA library
(kind gift of Graeme Bell, University of Chicago). Hybrid-
ization positive clones were plaque purified and analyzed as
described (26, 27), and two different clones with large inserts
(APP1a and APP2a) were selected for study. DNA sequencing
of the inserts of these clones was performed on single-
stranded DNA as reported (77) by the method of Sanger et al.
(28) after subcloning into pBluescript and M13 vectors.

Sequence Analysis. Sequence analysis was performed on an
IBM-AT computer using the Microgenie Software (Beckman).

B S E] G E R

P nt.@cz,xxn 59
N QL VG E[V]IR 43
A SDLK|LVGE R 41
B [TGJLJPLSVELGPGIMGA[TFDGIQRPL|SD[T|SSQT

P ITMXPLSVELGPGILGNIFDGIQRPL[KT|IIAKR 112
N [TGKPLSVELGPGLL[N[INIYDGIQRPLIEK|IA A 96
A GA|PLSVELGPGL IYDG[L]QRPLIDS[IAK]V 9%
B Vv[GlslitTGeeDpIvYGlIfviNfEnsL Ik

P E|6 D|L LT 6 ¢ D[L]Y[A] FIENS LM Q 164
N V|G DHIJAIGGD|VW Y|E N S[F]T]s 148
A S|GD[KV G Ple D I|I|G[V]V]|Q|E[T D E 146
B [WAEALR

P [WAEALR 362
N [WAEALR 345
A |[WAEALR 340
B [LAEMPADSGYPAYLGARLASFYERAGKVKCLGGEP

P [LAEMPADSGYPAYLAARLASFYERAGKVKCLGGP| 401
N |L[CIEMPADQIGFPAYLGA LAsvyznAcxﬂLc P| 384
A MEEMPA[EE[GFP[S|YL[PS(RLA[EY|YERAGRUVI|IJALG|N[P| 379
B [EGSVSIVGAVSPPGGDFSDPVTSITTLJH[T V| T[F

P NGSVTIVGAVSPPGGDFSDPVTSATL[SIVQVF 435
N GSVSIVGAVSPPGGDFSDPVTSATLIG(IVQVF 418
A GSVTIKSIAVSPPGGDFDE|IPVTSINTLIRFIV[R]V F 413

FiG. 1. Alignment of the amino acid sequences (single-letter
code) from the bovine 70-kDa subunit of the vacuolar H* pump with
the corresponding sequences from fungi, plants, and Archaebacteria.
Origin of the sequences is indicated on the left: B, bovine (Table 1);
P, plant [Daucus carota (19)]; N, fungus [Neurospora (17)]; A,
Archaebacterium [Sulfolobus (21)], and residue numbers are shown
on the right. Identical residues present in at least two of the four
sequences are boxed.
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Preparation of Antipeptide Antibodies. A synthetic peptide
containing a sequence from the bovine 70-kDa subunit (se-
quence: CSHITGGDIYGIVNEN, T-157 in Table
1) was coupled to keyhole limpet hemocyanin and used to
raise antibodies in rabbits as described (29). Antibodies were
used without further purification for immunoblotting and
immunoprecipitation experiments; preimmune sera and
blockage of the reactivity with the peptide were used as
controls.

RESULTS

Amino Acid Sequences from the 58- and 70-kDa H* Pump
Subunits from Bovine Brain Clathrin-Coated Vesicles. The
amino termini of the purified 58- and 70-kDa H* pump
subunits were found to be blocked to Edman degradation. We
therefore obtained internal amino acid sequences from these
proteins after cleavage with CNBr or trypsin. Tryptic digests
of the proteins were separated by reverse phase HPLC.
Selected peaks were subjected to sequence analysis, and the
resulting partial sequences obtained from the bovine 58- and
70-kDa subunits are listed in Table 1, together with the
sequences obtained from fragments produced by CNBr
cleavage. The initial yields recovered during amino acid
sequencing of the different tryptic fragments are of compa-
rable magnitude for all fragments except for the sequence
T-132B, which was recovered in much lower yields and upon
data bank searches was identified as an a-tubulin contami-
nant (data not shown).

Proc. Natl. Acad. Sci. USA 86 (1989) 6069

To confirm that the peptide sequences obtained were
indeed derived from the H* pump, an anti-peptide antibody
was raised against one of the sequences of the 70-kDa
subunit. This antibody specifically reacted with the corre-
sponding subunit on immunoblots in both crude and highly
purified H* pump preparations.

Homologies of the Amino Acid Sequences from the Bovine
H* Pump with Those of Other Organisms. The primary
structures of the 70- and 58-kDa subunits of a vacuolar-type
H* pump from plant, fungal, and archaebacterial organisms
were recently published (17-22). These sequences were
aligned with each other and with those we determined from
the corresponding bovine subunits. All amino acid sequences
of the bovine 70-kDa subunit that we determined (Table 1)
could be found in the aligned sequences of the other three
species, as shown in Fig. 1. In this alignment, identical
residues are boxed, demonstrating the high degree of con-
servation of the 70-kDa subunit from Archaebacteria to
mammals and plants in the regions of the peptide sequences.
A similar analysis of the peptide sequences from the 58-kDa
subunit also revealed strong conservation, except that not all
of the amino acid sequences determined from the purified
58-kDa subunit could be aligned with the other species’
sequences (data not shown). To obtain a full-length sequence
for the 58-kDa subunit, and to resolve this discrepancy, we
decided to molecularly clone its message.

The Complete Primary Structure of the Human 58-kDa
Subunit. Oligonucleotides were designed based on the deter-
mined peptide sequences and were used to screen several

TCGCCCAATTCCGGGCTCAGACACTGGGCTCCCAGCTGGGGACTGCTCCATGGCCATGGAGATAGACAGCAGGCCTGGGGGGCTCCCCGGCAGTAGCTGCAACCTAGGTGCAGCCCGAGA 120
M AMEIDS SR RPGGLZPGSSCNLGAATRE 24
ACACATGCAGGCGGTCACCCGAAACTACATCACCCACCCCCGTGTCACCTACAGGACTGTGTGCAGCGTGAACGGGCCCCTGGTGGTGCTGGACCGGGTCAAGTTTGCCCAGTATGCGGA 240
HMQAVTRNYTITHPRVYTYRTUVCSVNSGTPLVVLDRVYVI KTFAQYAE 64
LTYEZK Y A E
L—T1-51— Y
GATCGTCCACTTCACCCTCCCAGATGGGACTCAGAGGAGCGGGCAGGTGCTTGAGGTGGCTGGCACCAAGGCGATTGTTCAGGTGTTTGAAGGGACATCAGGGATCGATGCCAGGAAGAC 360
I VHFTLPDGTA QRS SGQVLEVAGTTI KA ATIVQVF FEGTSG GTIUDATRIKT 104
I VHLTLZPDGTHEK
T-132A )
CACTTGCGAATTTACAGGGGACATCCTACGAACTCCGGTGTCAGAGGACATGCTGGGTCGGGTTTTCAATGGCTCCGGCAAGCCCATTGACAAGGGGCCAGTGGTCATGGCGGAGGACTT 480
T CEPFTGDILRTZ PVSEDMLTGRVYVTFNGSGI KTPTIDTEKTG?PVVMAETDTF 144
T PV S ED ML GR
L T-97 —d
TCTGGATATCAATGGCCAGCCCATCAACCCGCACTCCCGCATCTACCCEGAGGAGATGATTCAGACGGGCATTTCTCCTATTGACGTCATGAACAGCATTGCCCGCGGCCAGAAGATCCC 600
LDINGAQ?PTINZPHSRTIYZ®PETEMTIAOQTG GTISUPTIDVMNSTIARTGH QKTIFP 184
N S VALGO QNTIT®P
L ——CNBr6-
CATCTTCTCAGCAGCCGGGCTCCCCCACAATGAGATTGCCGCTCAGATCTGCCGCCAGGCGGGGCTGGTGAAGAAGTCCAAGGCTGTGCTGGATTACCATGACGACAACTTCGCCATCGT 720
I F S AAGLUPHNETIAAQTIT CRI QAGLVYVI KT KSI KA AVLDYUHDUDNTFATIWV 224
I F S AAGL
—
CTTTGCAGCCATGGGGGTGAACATGGAGACAGCCAGATTCTTCAAGTCTGACTTTGAGCAGAATGGAACCATGGGGAACGTCTGCCTCTTCCTGAACTTGGCCAATGACCCCACGATCGA 840
F AAMGV NMETARTPFTFIKSDTFEQNG GTMGNVCLTFILNLANDTZPTTIE 264
GCGGATCATCACCCCGCGCCTGGCGCTGACCACTGCTGAATTCCTTGCCTACCAGTGTGAGAAGCATGTGCTGGTCATACTGACGGACATGAGTTCCTATGCAGAGGCCTTGCGGGAGGT 960
R I I TPRULALTTA AETFLAYAOQCETZ KU HVYLUVILTTUDMSSYAEALT REYV 304
CTCTGCTGCTAGAGAGGAGGTGCCTGGGCGCCGAGGGTTTCCTGGATATATGTACACAGACCTGGCCACCATCTACGAGCGGGCGGGCCGTGTGGAGGGTCGGGGAGGATCCATCACACA 1080
S AAREEVPGRRGTFUZPGYMYTUDULA ATTIYETRAGRVYVESGRGSGS STITAQ 344
GATCCCCATCCTCACCATGCCCAACGACGATATCACCCACCCTATCCCAGACTTGACGGGCTTCATCACAGAGGGACAGATCTACGTGGACAGACAGCTTCACAACAGACAGATCTACCC 1200
I PILTMPNDDTITHZPTIU®PDULTSGTFTITES GQTITYV DRI QLHNZI RO QTITYS?®P 384
CCCCATCAACGTGCTCCCTTCCCTGTCGCGGCTGATGAAGTCAGCCATTGGGGAAGGCATGACAAGAAAGGACCATGGAGATGTCTCCAACCAGCTGTACGCCTGCTATGCCATCGGGAA 1320
P I NVLPSLSRLMIKS S AIGETGMTHRI KTUDIHGDVS NI QLY ATCYATITGK 42
GGACGTGCAGGCCATGAAGGCAGTAGTTGGGGAGGAGGCGCTCACCTCTGAGGACCTGCTCTACCTGGAATTCCTGCAGAAGTTTGAGAAGAACTTCATCAATCAGGGCCCCTACGAGAA 1440
DV QAMIK AV VYV GEEALTSEVDLTLYTULETFLA QKT FETIKNTFTING GQGTPYEN 46
K AV V GEEALTSDDLLYULETPFLAO QI KTFTEHTR
— T-210— -
L CNBr7 —
CCGCTCGATGTTCGAGTCGCTGGACCTTAGCTGGAAGCTGCTGCGCATCTTCCCCAAGGAGATGCTGAAGCGCATTCCGCAGGCCGTGATCGACGAGTTCTATTCCCGCGAGGGGCGGCT 1560
R S M P ESLUDLSWI KU LLR RTITFZPIKEMLTIE KR RTIZPAOQAVIDETFYS SR RETGT RTL 504
GCAGGACCTCGCGCCTGACACTGCGCTCTAGCCCCGCGCGCCGTGGCACCCCAACACCGGCAGGAACCTACCCTCGGCTCCCGGGTCTCCCCGTCCCTCGCCACCCCTAACCAGCGGCTT 1680
Q DL APDTATL * 513
TCGCGCCGCCCTCCGCCCTCCGTGGCTCCGAGGTGGTGGGGGGCGCCGCAGTCATCCCTTTCCTCGCTCGATTCCTTTTCCCGCGCTCCATGCCTCCCCCTCAGCTCCCGGTGCTGCGGA 1800

AGAACTGAAGGTTCATGCCTACTCTGACGGGAGCATCTGTATTTTTTATGTTAAAAGCCCACAAAATAAAAATAAAAATGAACTGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

1920

FIG. 2. Nucleotide and derived amino acid sequence (single-letter code) of a cDNA encoding the 58-kDa subunit of the vacuolar H* pump
from human kidney. The deduced amino acid sequence is shown in single-letter code below the nucleotide sequence and the sequences are
numbered on the right. Peptide sequences obtained from the bovine 58-kDa subunit are aligned with the deduced human sequence and numbered
as in Fig. 1 and Table 1. Asterisk indicates the stop codon and the two polyadenylylation consensus sites are underlined.



6070 Biochemistry: Suidhof et al.

bovine and human libraries. Of these, only a library con-
structed from human kidney RNA yielded positive clones that
hybridized with several independent oligonucleotides. The
nucleotide and translated amino acid sequences of a selected
clone (APP2a) are shown in Fig. 2. Positions and sequences of
the peptides isolated from the 58-kDa subunit of the H* pump
from bovine brain clathrin-coated vesicles are given below the
translated amino acid sequence. These are almost 100% con-
served between bovine and human sequences with a few
conservative changes. The translated amino acid sequence
predicts a protein of 513 amino acids that has a calculated
molecular weight of 56.661. There are no outstanding charac-
teristics in its primary amino acid sequence apart from a
comparatively high content of hydrophobic residues (35%)
that agrees well with the biochemical observation of a strong
hydrophobic interaction between the 70- and 58-kDa subunits
of the clathrin-coated vesicle H' pump (15).

‘Two bovine peptide sequences (T-206 and CNBr2/3) that
were obtained with a yield comparable to that of the other
sequences (Table 1) could not be found in the human se-
quence, even under low stringency homology search condi-
tions. Since the other bovine sequences were found to be
highly conserved in the human sequence, it appears unlikely
that these sequences are not conserved and are truly derived
from the 58-kDa subunit of the bovine H* pump. Careful
inspection of the protein profiles in the glycerol gradients
used for- H" pump purification indeed suggests that there is
a second 58-kDa protein in coated vesicles that is more
broadly distributed across the glycerol gradient than the H*
pump (data not shown). This other 58-kDa protein probably
was the source of the unidentified peptide sequences.

Evolution and Structure of the 58-kDa Subunit. The pre-
dicted amino acid sequence of the 58-kDa subunit of the
human H' pump was aligned with those reported for the
corresponding subunits of the H' pump from plants {Arabi-
dopsis thaliauna (20)). fungi [Neurospora crassa (18)]. and
Archaebactena [Sulfolobus acidocaldarius (22)). In Fig. 3,

Proc. Natl. Acad. Sci. USA 86 (1989)

residues that are shared between at least two of the four
sequences are boxed. A high degree of conservation is appar-
ent and most of the substitutions observed are conservative.
There are three regions in the protein that are not conserved
in the four species: the amino and carboxyl termini and a
sequence stretch in the middle of the protein. The most
conserved regions of the protein contain up to 16 consecutive
residues that are identical between the human and archaebac-
terial sequences. In total, 47% of all residues are invariant
between plants, fungi, Archaebacteria, and humans, and 49%
of the residues are identical between the archaebacterial and
human sequences.

I+ 58-kDa subunit sequence was also compared to the
sequeaces of the 70-kDa subunit of the vacuolar H' pump
from plants. fungi. and Archaebacteria, and to the a and
subunits of the Fy-ATPase from Escherichia coli, chloroplasts.
and mitochondria. These sequences were aligned with each
other in all combinations. In the resulting pairwise compari-
sons, the percentages of identities observed were found to fall
between 23% and 27%;, and there seemed to be no two subunits
that were significantly more homologous to each other than to
any other subunits (data not shown). This finding indicates that
although the 70- and 58-kDa subunits of the vacuolar H* pump
are analogous in stoichiometry and nucleotide binding prop-
erties to the @ and B subunits of F;-ATPases, there is no simple
evolutionary relationship. Three possible pathways of the
evolution of the major catalytic subunits of the H*-ATPases
are diagrammed in Fig. 4. Since the F; « and 8 subunits and
the vacuolar 70- and 58-kDa subunits are all significantly
related to cach other, a common evolutionary precursor can be
postulated that duplicated twice to form these four subunits.
Did the first duplication of the primordial ATPase result in an
evolutionarily stable intermediate that then duplicated again to
form the current four subunits? This pathway is diagrammed
in Fig. 4 A and B. This would predict that in pairwise
comparisons of the four subunits to each other in two of the
possible six comparisons the subunits should be more homol-

H MAMEIDSRPGGLPGSSCNLGAAREBMQANTRNI1TH[E RV T G P vjL

I3 MSLSVNMGTNDLDIEEGT[LJETIGM[E G P TL

N MADPREP S SYINVTERIIR GP 1L

A M S[LJLNVR[E GPLTAVQ

H  QY|A[E1V]EE R QVLEV VFEGTS p|A T 6o 1[L]R[T P

P Kk|Y[oJE 1 V[N[T] R QVLEV AV VFEGTS D|N TGE|V[LKTEP

N RIYNEIV|TL R QVLE[K AV VFEGLTS pJv EF TGE|S|LKTTG

A AlY N E[T]V]E[T] R LIV[VD s T F VFEGIT S P RIF[LIG[R G[L[E V K

H MLGRWFNGsSGKPIDKGPLN[VIMAEID F[UDINGlo[E INF|HS[RI[f PEENIQTGISIPIDVMNSIARG| 180
P MLGRIFNGSGKPIDNGPP|IJL[PJE(A[Y LD I[S]c S[SJINP[SE|R|TJY PEEMTIQTGIS|TJIDVMNSIARG| 164
N HLGRKF'SGRAIDKGPVLAEI!YLDINCSPINPYAREYP@EHléTGISAIDTHNSIARG 157
A MLGRIFNPLGIE[FJL]PNG P PV[TGCGIERRN|ING[D|P INPJATIREY FEE[FIIQTGISATID|GL|N S[LL|R G| 148
H [QKIPIFSAAGLPHNEIAAQICRQAGLVKL - [kls - [kja[]L[o}y A A METAR| 236
P |QKIPLFSAAGLPHNEIAAQICRQAGLVKR|LEKT|VDLLEDH A A META[Q 224
N |[QkIFTIFSAAGLPHNEIAAQICRQAGLVQR[e G Tlr/n[K]eMu(pc (@] LR T A R] 217
A SIKIJTDL|S[GS|c L PJAINJTTIAAQ I[AK|QA[- TIV] [RJG[E]- -  — - A A Y D EJA[L 196
H 'FF%[DF_B‘[%[}TGHIHGNVCLPLNLANDPTlERIITPRLALTTA!FLAYOCEKHVLVILTDHSS 296
P |[FPFKRDFEENGSMERVTLFLNLANDPTIERIITPREALTITAEYLAYEC[GJKEVLVILTDMSS| 284
N |[FFTIRDFEENGS[C[GR[TJTLFLNLANDPTIERIITPRLALTTIAEYYJAYQEXKVLVILTD[L]S S| 277
A [FFRKF|FEE[TIG[A 1 N|JR V[AM[F[VT|L AND P[P S LK|IJT]T P[K TJA L T|T]A E Y L A[F|E[x D M]B V L]A]1 L[T|D M]T N 256
H [YAEALREVSAAREEVPGRRGFPGYMYTDLATIYERAGRVEGR|G[GSITQIPILTMPNDDIT| 35
P |[YADALREVSAAREEVPGRRGYPGYMYTDLATIYERAGR[IJEGRKGSITQIPILTMPNDDIT| 344
N |[YCDALREVSAAREEVPGKRGFPGYMYTDL[E]TIYERAGRV[A|GR[NJcSITQIPILTMPNDDIT| 337
A |YCEALRE|SA[SREEVPGR[CIGYPGYMYTDLATIYERAGKV]I|c GSITQM[PILTHMEPNDDM|T| 316
H [HPI1PDLTGIFJTTEGQIYVDRQLHNRQIYPPINVLPSLSRLMKSAIGEGMTRKDHGDVSNQL] 46
P [HPMPDLTGYITEGQIY[TJIDRQLHNRQIYPPINVLPSLSRLMKSAIGEGMTRKDEH[S]DVSNQL| 404
N [HPTFPDLTGYITEBGQI[F[VDR[GILENRGIYPPINVLPSLSRLMKSAIGEGMTRKDHGDVSNQL| 397
A [HPIPDLTGYITEGQI|VL|DRIS|L[FNK][cIYPPINVL[M|SLSRLMK[DG|IGEG[K|T R[D|D H[K]DL]s N Q L] 376
H [ACYATGCKDVOQAMNKAVVGEEALN[SEDLLYLEFL|IQKFEXKNFIIN[QGPYENRSIM[FES L DLIS[WK 476
P YANYA1ckbvoAnxAvvczzALsszuLLszanxrEnxrvnoc@yn TF(QSLDLAWT 464
N |Y A[K]|Y A 1 G[R]D AMKAVVGEEALSNEDK|L[SJLEFLDKFER|SFIAQGPEY RITJTFESLDLAWS 457
A AAlYA[RAQ[DJI RG L AJA[TT|c EfPS{L S|V[E DR K[Y L[C]F[AEA|F ER|RI[F VAQG[VN|ENRS I[ET T|L DJT G|W|R 436
H [LLRIFPKEML|KRIPQAVIDEFYSTH GL];_]LQDLAPDTAL 513
p [LLRIFPRIEMIL|H[R I PAKITLID@IF YSRPSTS 492
N LLRI[YREKD[MJLINRI PIK|K|ITDEFYSRISAADRK]JGKGKDKPTTKDTRDTAAPREENLIDA 513
A L[S||LPJE s E|L]s L]I[Rs EY|I[- K K[¥[EP N Y[R]G K 465

FiG. 3.

Alignment of the amino acid sequences (single-letter code) of the human 58-kDa subunit with the corresponding sequences from

fungi. plants. and Archaebacteria. The origin of the sequences is indicated on the left; H. human (Fig. 3); N, fungus [Neurospora (18)]; P. plant
[Arabidopsis (20)}: A, Archaebacterium [Sulfolobus (22)], and sequences are numbered on the right. ldentical residues present in at least two

of the sequences at a given position are boxed.
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A B Cc
Primordial ATPase Primordial ATPase Primordial ATPase
pre o pre -8 pre - F1-FO pre - vaculolar /

SN /N SN LN / i

aF1 58kDa BF1 70kDa oF1  BF1 58kDa  70kDa aF1 BF1 58kDa 70kDa

FiG. 4. Schemes for the possible evolution of the catalytic
subunits of H*-pumping ATPases. (A and B) Models assume the
presence of stable evolutionary intermediates. (C) Model suggests
that the four subunits are derived from a single precursor in two
successive duplications that established two independent lineages of
ATPases without a stable intermediate.

ogous than in the other four. Since this is not the case. it seems
unlikely that the F;F, H' -ATPases and the vacuolar H* pump
shared a stable evolutionary precursor. Instead. one has to
postulate a third model whereby the hypothetical evolutionary
precursor to these four subunits duplicated twice without
forming a stable intermediate (Fig. 4C). Alternatively, the
sequence similarity between the four subunits could be the
result of convergent evolution. This explanation cannot be
excluded at present but appears to be unlikely in view of the
conservation and number of homologous sequences.

DISCUSSION

We have presented structural information about the catalytic
subunits of the mammalian vacuolar-type H* pump. Partial
amino acid sequences of the purified 58- and 70-kDa subunits
from bovine brain were obtained, and the full-length amino
acid sequence of the human 58-kDa subunit was deduced
from the sequence of a cDNA clone. After this study was
initiated, the sequences encoding the corresponding subunits
from the plant, fungal. and archaebacteria enzymes were
published (17-22). We now present the first animal sequences
for these major catalytic subunits of the vacuolar H* pump.
Comparison of the mammalian sequences with those from the
other three organisms demonstrates an extraordinary degree
of conservation with important evolutionary and structural
implications. The 70- and 58-kDa subunits have been dem-
onstrated to participate in ATP hydrolysis and to be tightly
bound in a high molecular weight complex that contains three
copies of each subunit. The structural constraints on these
properties apparently result in an evolutionary conservation
that is only paralleled by those of other subunits of high
molecular weight complexes such as ribosomes. The strong
conservation of the endomembrane H* pump in evolution
suggests that not only its enzymatic functions but also its
assembly into high molecular weight complexes are similar.

In many respects, the vacuolar H* pump is structurally
similar to the F,Fy-type H'-ATPases. Both pumps consist of
a high molecular weight heterooligomer that couples a gated
H*-pore to an ATP-hydrolytic or -synthetic site. The a and
B subunits of the F;-ATPase have been compared to the 58-
and 70-kDa subunits of the vacuolar H* pumps, all of which
appear to be present in similar stoichiometries in their
respective pumps and to be intimately involved in nucleotide
binding and catalysis. The a and 8 subunits of the F;-ATPase
are weakly related to each other (30), and the 58- and 70-kDa
subunits of the vacuolar pumps also show a significant and
comparable homology. Interestingly, pairwise comparisons
between the four subunit structures in all possible combina-
tions do not demonstrate a significant difference in the
relatedness of any given pair as compared to another pair. In
Fig. 4, three possible schemes for the evolution of the
H*-ATPases are presented. The lack of preferential related-
ness between any pair of subunits provides evidence against
a stable intermediate precursor, as suggested by diagrams in

Proc. Natl. Acad. Sci. USA 86 (1989) 6071

Fig. 4 A and B. It indicates that if the H*-ATPases are
evolutionarily related, the split of the primordial ATPase
gene into two subunits must have been followed closely by a
further split into four subunits (Fig. 4C).

It has been suggested that Archaebacteria do not contain a
true F,F-ATPase and use the vacuolar-type ATPase for ATP
synthesis (31, 32). This raises the possibility that there exist
two prokaryotic lineages, with each containing a different
enzymatic system for ATP synthesis. Within each lineage,
the enzyme is very highly conserved. With the emergence of
eukaryotes, both enzyme systems are incorporated. The low
degree of homology between the lineages. on the other hand,
agrees well with the different enzymologic properties of the
two enzymes. The diversity of functions of mammalian
endomembrane H™ pumps is notable in view of its possible
origin as an ATP synthetic prokaryotic enzyme.
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