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ABSTRACT Vacuolar H*-ATPases function in generating
protonmotive force across the membranes of organelles con-
nected with the vacuolar system of eukaryotic cells. This family
of H*-ATPases is distinct from the two other families of
H*-ATPases, the plasma membrane-type and the eubacterial-
type. One of the subunits of the vacuolar H*-ATPase binds
N,N'-dicyclohexylcarbodiimide (DCCD) and has been impli-
cated in the proton-conducting activity of these enzymes. We
have cloned and sequenced the gene encoding the DCCD-
binding protein (proteolipid) of the H*-ATPase of bovine
chromaffin granules. The gene encodes a highly hydrophobic
protein of 15,849 Da. Hydropathy plots revealed four trans-
membrane segments, one of which contains a glutamic residue
that is the likely candidate for the DCCD binding site. Sequence
homology with the vacuolar proteolipid and with the proteo-
lipids of eubacterial-type H*-ATPases was detected. The pro-
teolipids from Escherichia coli, spinach chloroplasts, and yeast
mitochondria matched better to the NH,-terminal part of the
vacuolar protein. The proteolipids of bovine mitochondria and
Neurospora mitochondria matched better to the COOH-
terminal end of the vacuolar proteolipid. These findings suggest
that the proteolipids of the vacuolar H*-ATPases were evolved
in parallel with the eubacterial proteolipid, from a common
ancestral gene that underwent gene duplication.

Proton-transporting ATPases (H*-ATPases) play a crucial
role in biological energy transduction (1). These ion pumps
can be classified into three main families: plasma membrane-
type, eubacterial-type, and vacuolar-type enzymes (2-5).
The plasma membrane-type enzyme is present in the plasma
membrane of plants, fungi, and acid-secreting gastric vesicles
(6, 7). The catalysis of these enzymes involves a phos-
phoenzyme intermediate. The gene coding for this 100-kDa
protein in yeast and Neurospora crassa has been cloned and
sequenced (8-10).

The eubacterial-type enzyme occurs in chloroplasts, mi-
tochondria and bacteria and .operates without a phos-
phoenzyme intermediate (11-13). These enzymes are com-
posed of two distinct structures, a membrane sector, which
is hydrophobic, and a catalytic sector, which is hydrophilic
in nature. The function of the membrane sector is to conduct
protons across the membrane. This sector is composed of
three or more polypeptides, one of which is an N,N'-
dicyclohexylcarbodiimide (DCCD)-binding protein (proteo-
lipid of about 8 kDa) that is involved in the proton conduction
(14-16). The catalytic sector, which is the site of the ATPase
reaction, can be readily separated from the membrane by
EDTA treatment or by applying mechanical force (17).
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The vacuolar-type enzyme is present in organelles con-
nected with the vacuolar system of eukaryotic cells and
pumps protons without the involvement of a phosphoenzyme
intermediate (2-5). These H*-ATPases are composed of
several polypeptides, and to our knowledge none of these
have been sequenced. A 16-kDa subunit resembles the
eubacterial proteolipids in that it binds DCCD and is soluble
in organic solvents (18). This kind of proteolipid was isolated
from clathrin-coated vesicles and was implicated in proton
conductance across the organelle membranes, analogously to
the eubacterial proteolipids (19, 20). Similar polypeptides
were detected in several other membranes containing vacuo-
lar H*-ATPases, such as fungal and plant vacuoles (21-24).
To ascertain the degree of correlation between the vacuolar
and eubacterial proteolipid, we have cloned and sequenced
the cDNA encoding this subunit of the chromaffin granule
H*-ATPase.$ Sequence information could establish whether
the vacuolar and eubacterial-type proteolipids are homolo-
gous, analogous, or dissimilar (5).

MATERIALS AND METHODS

Isolation and Sequencing of Peptides Generated by Cyano-
gen Bromide Treatment. The H*-ATPase was purified from
chromaffin granule membranes and reconstituted as de-
scribed (25, 26). The proteolipid was extracted from 2 ml of
reconstituted enzyme containing about 500 ug of protein, by
2 ml of chloroform/methanol, 2:1 (vol/vol) (18). The aqueous
phase was removed by pipeting and the chloroform/methanol
was dried by a stream of argon gas. The dry material was
suspended in 1.8 ml of 70% (vol/vol) formic acid. Then 0.2 ml
of 70% formic acid containing about 10 mg of CNBr was
added. The mixture was incubated overnight at room tem-
perature in darkness and dried by a stream of argon gas. The
dry material was suspended in 1 ml of 1% NaDodSO,, and
after centrifugation at 30,000 X g for 10 min the supernatant
was subjected to high-performance liquid chromatography
(HPLC). Since some of the peptides were highly hydropho-
bic, the solvent system and the method of solubilization of the
peptides generated by cyanogen bromide treatment were
modified. Details of this approach will be described else-
where. The peptides were subjected to amino acid sequence
analysis and the following sequences were obtained: peptide
1, Val-Phe-Ser-Ala-Leu-Gly-Ala-Ala-Tyr-Gly-Thr-Ala-Lys-
Ser-Gly-Thr-Gly-Ile-Ala; peptide 2, Arg-Pro-Glu-Met-Ile.
Cleavage of the proteolipid by cyanogen bromide on the
Polybrene-treated glass filter of the sequenator yielded the
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sequence of peptide Pro-Val-Val-Met-Gly-Ile-Ile-Ala-Ile-
Tyr-Leu-Val-Val-Ala-Val-Leu-Ile-Ala-Asn-Ser-Leu-Asn-
Asp-Gly. The NH,-terminal amino acid of the proteolipid is
blocked and the sequence of peptide 4, Ser-Glu-Ala-Xaa-
Asn-Gly-Pro-Glu-Tyr-Ala, was obtained after deblocking the
HPLC-purified proteolipid or the isolated polypeptide by
acid treatment on the glass filter. This hydrophilic peptide
was readily isolated and was sequenced several times.

Isolation and Sequencing of the cDNA Encoding the Proteo-
lipid. Three oligodeoxynucleotide probes were synthesized
according to polypeptide 1: (i) d(GGCGATGCCGGTGCCG-
CTTGGCGGTGCCGTAGGCGGCGCCAGGGCGCTGAA-
CACCAYT); (ii) a mixed probe in which the redundant
nucleotides were replaced by all genetic code alternatives;
and (iii) d(GCIATICCIGTICCGCTCTTIGCIGTICCITAIG-
CIGCICCIAGIGCICTIAAIACCAT), in which those nucle-
otides were replaced by deoxyinosine. The probes were used
to screen a cDNA library of bovine adrenal medulla that was
obtained from U. Gubler (27). Several positive clones were
obtained and the two with the largest cDNA inserts, 1.1 and
1.2 kilobases long, were sequenced. The dideoxy chain-
termination technique supplemented by exonuclease 111 was
used to determine the nucleotide sequence of the cDNA (28,
29). The amino acid sequence of the polypeptide used for
generating the probes was identified in the cloned cDNA by
sequencing the two opposite strands of phage M13 with the
probe serving as a primer. This sequence was used to
generate a second probe to serve as a primer for the second
strand. Translation of this sequence revealed the amino acid
sequence of the original polypeptide. This approach was
time-saving, since one of the clones that was positive by
hybridization displayed only partial sequence identity to the
first probe and had no relation to the proteolipid gene.

RESULTS

The nucleotide and deduced amino acid sequences of the
cDNA are shown in Fig. 1. The nucleotide sequence contains
an open reading frame encoding a 155 amino acid polypeptide
of 15,849 Da. This value agrees closely with the molecular
weight estimated by NaDodSO,/PAGE for the proteolipid
from various vacuolar H*-ATPases (5). This cDNA clone is
likely to encode the entire proteolipid, as all of the sequenced
polypeptides were identified in the translated reading frame.
The blocked polypeptide corresponds to the sequence fol-
lowing the initiator methionine, and the amino acid compo-
sition calculated from the derived sequence correlates well
with the amino acid composition determined for the purified
proteolipid (Table 1). No histidine was found in the protein by
amino acid analysis or by translation of the cDNA sequence.
However, in regard to other amino acids this work differs
from a previous report (18), probably because the previous
analysis utilized a protein not purified by HPLC. As the
serine residue following the initiator methionine was identi-
fied in the protein sequence, it is unlikely that incorporation
of the proteolipid into the membrane involves a cleavable
signal sequence. This notion is supported by the observation
that the translation product of mRNA encoding the proteo-
lipid had the same size as the mature protein (data not
shown). It is possible that the charged NH, terminus makes
contact with the membrane and that the rest of the protein,
which is mostly hydrophobic, inserts directly into the mem-
brane.

A hydrophobicity plot reveals four transmembrane seg-
ments (Fig. 2). Segments I and II are very hydrophobic and
contain no charged amino acids. Segment III is the least
hydrophobic and contains an arginine residue (Arg-107) in the
middle of the segment. The transmembrane segment IV,
although very hydrophobic, contains a glutamic residue
(Glu-139) in the middle. The position of Glu-139 indicates a
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GCGGCTGTCEEGCCGERTGCTTCGCAGCCTTTCGGACACAGCTTAGCTTTCGCGCAAGCCGCCGCCCGCCGLGCC 75

C66CTTC6CACCTCGCCCCEGCCTERTCCATTGAACTGCCCCTTCCCAACCGCAGACATGTCCGAGGCCAAGAAC 150
WS EAKN

GGCCCCGAGTACGCTTCCTTTTTCGCGGTCATGGGTGCCTCAGCCGCCATGETCTTCAGCGCCCTTGECGCCGCC 225
6 PEYASFFAVMGASAAMYFSALGSGA A
A A A
TACGGTACAGCCAAGAGCGGCACGEGCATCGCAGCCATGTCTGTCATGCGGCCAGAGATGATCATGAAGTCCATC 300
Y 6TAKSG6TG6IAAMSVYVMRPEMIMKSI
A A
ATCCCGGTGGTCATGGCGGGGATCATCGCCATCTATGGTCTGETGETGGCAGTCCTCATTGCCAACTCCCTGAAT 375
I PV VMAGITITATYGLVVAVLIANSTLN
A A A
GACGGCATCAGTCTCTACAGBAGTTTCCTTCAGCTGGGCGCAGGCTTGAGTGTGEGCCTGAGCGGGCTGGCGGCA 450
D 61 SLYRSFLQLG6GAGLSVELSGELARA
A A
CGTTCGCCATCGGCATTGTTGGGGACGCAAGGCCGTGCGTGCACCGCCCAGCAGCCGCGGCTCTTCGTGGGCATG 525
RSPSALLGTQGRACTAQQPRLTFUVGHM
A A A
ATCCTCATCCTCATCTTCGCCGAGETECTCGGCCTCTACGGTCTCATCGTCGCCCTTATCCTCTCCACAAAGTAG 600
It 1 LI FAEVLGELYGLIVALILSTEK

A A

CTCTGCGGECCGCCAGCCACAGAATACAATTGATGTCAAGACCACCCCCTTCTCATTCCACAACGAACAGCCTGA 675
CACACGCACGEGCAGCCGCCCECCAGTAGTCGGTCTTGTAAATGCGCAGTGTCCCAGTGCCCACCGTCTRTTGEC 750
CCAGCCTCGCCCCTGCCCGCCCCGCCCCGTGCTRTGRACATCTGGECCCACCAGTCCCCACCCCGGECCTGACCA 825
GTGAGGACECCEECCTCCCRCCCCGCCCATCTGCCCTAGAGTGCTCTGTGTATAAGGATGAATTAGAGTTETCAT 900
TTTCTCTTCACTCGGATGTTTATTTATAAAGATTTGACCTGTTCATACGTCTGTGGAGCAGCTCTCGTCTCCAAC 975
TCTATAGTAACCTTAGGTAGACTGTTGTTGCGTTGTGCGGTTACCGTTTACCCTGAGACCCGTTGGATGGAACCA 1050
CCTCTTGCAGCCCTGETTCGCGGGCCAGTGTGACGGGCCGCTGECGTGETGCCGCTCCGTGTCCAATARAGLTCT 1125

CAGATGTGAAAAAAAAAAAARAAAAARAAAAAAAAAAA

FiG. 1. Nucleotide and encoded amino acid sequences of chro-
maffin granule H*-ATPase proteolipid cDNA. The amino acid
sequences of isolated polypeptides obtained by amino acid sequence
analysis are underlined. Amino acids are shown in standard one-
letter symbolism.

potential DCCD binding site. Glu-139 may be positioned in
close proximity to Arg-107 of segment III, which could result
in formation of an ion pair inside the membrane. Two other
polar amino acid residues located in the transmembrane

Table 1. Amino acid composition of the proteolipid of the
H*-ATPase from chromaffin granules

No. of residues

Amino acid Analyzed Predicted
Aspartic acid 5.6 4
Threonine 3.9 5
Serine 16.4 15
Glutamic acid 7.7 8
Proline ND 5
Glycine 21.4 18
Alanine 23.8 24
Cysteine ND 1
Valine 12.3 12
Methionine 7.5 9
Isoleucine 12.3 14
Leucine 17.5 20
Tyrosine 4.9 5
Phenylalanine 6.8 6
Histidine 0.2 0
Lysine 3.8 4
Arginine 5.0 5
Tryptophan ND 0

Amino acid analysis was performed on HPLC-purified proteolipid.
The amount of each amino acid was normalized for 149 amino acids,
which is the total number of residues in the proteolipid minus 5
prolines and 1 cysteine. ND, not determined.
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Fic. 2. Hydropathic profile of the proteolipid from chromaffin granule H*-ATPase (Left) and proposed arrangement in the membrane
(Right). Analysis was performed by the DNASTAR program according to Kyte and Doolittle (30), with a window size of 11 amino acids. M,

Met-1; R, Arg-107; E, Glu-139.

segments, Tyr-68, and Tyr-144, may also play a role in the
protonation—deprotonation process.

Several proteolipids of eubacterial-type ATPases have
now been sequenced (11, 12), permitting comparison to the
proteolipid of the chromaffin granule H*-ATPase (Fig. 3). It
is apparent that sequence homology exists between these two
classes of proteolipids. The computer program matched the
proteolipids from Escherichia coli (not shown), spinach
chloroplasts, and yeast mitochondria to the first half of the
proteolipid of the chromaffin granule H*-ATPase. On the
other hand, the proteolipids of bovine mitochondria and
Neurospora mitochondria were matched to the second half of
the vacuolar H*-ATPase. Whereas the proteolipids that
match the first half are encoded by organellar or bacterial
DNA, the ones that match the second half are encoded in
chromosomal DNA in the nucleus and are translated on
cytoplasmic ribosomes. The glutamic acid that binds DCCD
in the Neurospora and bovine proteolipid matched perfectly
with Glu-139 of the vacuolar proteolipid. Moreover, when the
proteolipids of yeast mitochondria and spinach chloroplasts
were forced to match with the second half of the vacuolar
proteolipid, the DCCD binding site of the organellar proteo-
lipids was positioned at Glu-139 of the vacuolar protein (data
not shown). The percent identity of amino acids and the
numerous conserved changes that were observed suggest a
homology between the two classes of proteolipids.
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DISCUSSION

The sensitivity of proton pumping into chromaffin granules
and other organelles of the vacuolar system of eukaryotic
cells to inhibitors suggested the existence of a new class of
H*-ATPase (32). Purification and reconstitution of the chro-
maffin granule enzyme substantiated the singularity of this
class of proton pumps (25, 26, 33). Preparations of purified
H*-ATPase from chromaffin granules, synaptic vesicles,
fungal and plant vacuoles, and clathrin-coated vesicles have
been found to contain a proteolipid subunit of about 16 kDa
that binds DCCD (19-24). Upon binding, DCCD inhibits
ATP-dependent translocation of protons across the mem-
brane in a fashion resembling that of mitochondria, chloro-
plasts, and bacteria (11-15). However, the identification of
the proteolipid of the vacuolar enzymes as the proton-
conducting subunit is unclear. A recent report of proton
conduction by the isolated proteolipid from clathrin-coated
vesicles (20) and the homology with the eubacterial-type
enzymes reported in this study suggest an involvement in
proton conduction in the vacuolar system.

The sequence alignment shown in Fig. 3 suggests that the
proteolipid of the eubacterial H*-ATPases and the vacuolar
H*-ATPases evolved from a common ancestral gene that
existed prior to the segregation of the various organelles (34,
35). As depicted in Fig. 4, the ancestral gene might have
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FiG. 3. Aligned sequences of chromaffin granule proteolipid with bovine, yeast, and Neurospora mitochondrial and spinach chloroplast
proteolipids. Alignment of the amino acid sequences was performed by the DNASTAR program according to the method of Lipman and Pearson
(31). Gap penalty of 4 and deletion penalty of 12 were used. Conservative amino acid replacements are indicated by colons.
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Ancestral proteolipid gene

w:e duplication

Vacuolar H*- ATPase

FiG. 4. Evolution of the proteolipids of eubacterial and vacuolar
H*-ATPases.

encoded a proteolipid of ~8 kDa that was maintained in the
H*-ATPases of bacteria, mitochondria, and chloroplasts.
The vacuolar H*-ATPase gene may have undergone gene
duplication. While the first half of this gene evolved in a
parallel fashion to the bacterial and organellar genes, the
second half evolved more closely to the proteolipid genes
encoded in the nucleus. The first half lost its DCCD binding
site through a conservative change of glutamic acid to serine.
The second half developed motifs resembling the bacterial
ATPase a subunit, as manifested by the presence of phenyl-
alanine at positions 128 and 137 and by tyrosine at position
144 (36). These data add credence to the endosymbiotic
hypothesis for the evolution of semi-autonomous organelles.
Recently it was proposed that the vacuolar-type H*-
ATPases served as ATP synthases in primitive organisms
such as progenotes and some archaebacteria (5, 37, 38). The
function of the H*-ATPase in the vacuolar system of eukary-
otic cells is to maintain limited acidification of the organelles
connected with the system (5, 38). This may be achieved
through controlling the proton-pumping activity of the en-
zyme by loosening the coupling between the ATPase activity
and proton translocation (39). While this control mechanism
was developing, the vacuolar H*-ATPase ceased functioning
in ATP synthesis. At the same time, the eubacterial-type
H™*-ATPases perfected the coupling between proton translo-
cation and ATP synthesis by further evolution of their
catalytic and membrane sectors. Sequencing data from our
laboratory and others support this proposed evolutionary
pathway of the vacuolar and eubacterial H*-ATPases.
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