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ABSTRACT The plasma membrane of Neurospora crassa
contains an electrogenic H+-ATPase (EC 3.6.1.35), for which
we have isolated and sequenced both genomic and cDNA
clones. The ATPase gene is interrupted by four small introns
(58-124 base pairs). It encodes a protein of 920 amino acids
(Mr, 99,886) possessing as many as eight transmembrane
segments. The Neurospora ATPase shows significant amino
acid sequence homology with the Na+,K+- and Ca2+-trans-
porting ATPases of animal cells, particularly in regions that
appear to be involved in ATP binding and hydrolysis.

The plasma membrane ATPase (EC 3.6.1.35) of the fungus
Neurospora crassa is a 100-kDa polypeptide that is deeply
embedded in the lipid bilayer and constitutes 7-10% of the
total membrane protein (1). Its physiological function is to
pump protons out of the cell, generating an electrochemical
H+ gradient that in turn drives the H+-dependent uptake of
amino acids, sugars, and inorganic ions (2).
The Neurospora ATPase has been intensively studied by

both physiological and biochemical techniques and as a result
has become one of the best-known examples of an
electrogenic ion pump. Early studies with micropipette
electrodes established that this pump generates a very large
membrane potential (to 350 mV, inside negative) and a
somewhat smaller pH gradient (1.4 units, inside alkaline) for
a total electrochemical gradient of =430 mV (2). More
recently, current-voltage analysis has defined the stoichiom-
etry of the pump (one H+ transported per ATP split) as well
as some of the kinetic parameters of the reaction cycle (3).
These electrophysiological results have been complemented
and extended by direct measurements of ATP-coupled pro-
ton translocation, both in isolated plasma membrane vesicles
and in proteoliposomes constructed from purified 100-kDa
polypeptide (4-6).

In its molecular structure, as well as in aspects of its
reaction mechanism, the Neurospora H+-ATPase (along
with related enzymes from Saccharomyces cerevisiae and
Schizosaccharomyces pombe) bears a striking resemblance
to the (Na+,K+)-, Ca2+-, and (H+,K+)-ATPases of animal
cells (2). In each case, there is a 100-kDa catalytic subunit
that is phosphorylated by ATP to form a covalent 3-aspartyl
phosphate reaction intermediate. Furthermore, experiments
with group-specific reagents have revealed certain key amino
acid residues that appear to be conserved: an N-ethyl-
maleimide-sensitive cysteine (7), a butanedione- and
phenylglyoxal-sensitive arginine (8, 9), and a fluorescein
isothiocyanate (FITC)-sensitive lysine (refs. 10 and 11; J.
Pardo, personal communication), all protected by ATP or
ADP. Thus, it has seemed reasonable to expect that the

portions of the 100-kDa polypeptide involved in ATP binding
and phosphorylation may be quite similar from one enzyme
to the next, even though the portions that dictate ion
specificity and stoichiometry of ion transport must certainly
differ.
Gene cloning provides the most straightforward way to

determine the complete amino acid sequence of large proteins
such as the ion-translocating ATPases and thus to learn the
degree to which they are structurally related. This paper
describes the cloning and sequencing of the gene for the
Neurospora H+-ATPase, from which the complete amino
acid sequence of its 100-kDa polypeptide has been deduced.
Homologies between the Neurospora ATPase and other
members of the ion-translocating ATPase group are dis-
cussed.

METHODS
Preparation of Antibody Specific for the Plasma Membrane

ATPase. Polyclonal rabbit antiserum was raised against
ATPase purified by the method ofBowman et al. (1) followed
by preparative NaDodSO4/polyacrylamide gel electrophore-
sis. The antiserum was subjected to affinity chromatography
on a column of ATPase coupled to Sepharose CL-4B. Upon
immunoblotting of Neurospora plasma membranes, the af-
finity-purified antibody specifically recognized a 100-kDa
protein that comigrated with the ATPase. In addition, it
specifically precipitated the 100-kDa band from Neurospora
plasma membranes labeled with "so'-.

Screening of cDNA and Genomic Libraries. The affinity-
purified ATPase antibody was used to screen a Neurospora
cDNA library (ref. 12; kindly provided by M. Sachs and U.
RajBhandary) in the expression vector Xgtll (13). Phage
DNA was prepared (14) from isolates that were positive
through five rounds of screening, and cDNA inserts were
subcloned in the plasmid vector pSP65 (15). One clone,
cDNA 18, was labeled by nick-translation (16) and used to
identify genomic clones within an EMBL4 (17) Neurospora
library (generously supplied by R. Geever and N. Giles) by
plaque hybridization (18). Additional cDNA clones were
obtained by screening the Xgtll cDNA library with nick-
translated genomic clone pKH14 (Fig. 1).
DNA Sequencing. The DNA sequence of the genomic and

cDNA clones was determined by the dideoxynucleotide-
chain termination method of Sanger et al. (19) modified for
the use of 35S-labeled deoxyadenosine 5'-[a-thio]triphos-
phate (20). Templates were prepared by inserting restriction
fragments into phage M13mpl8 or mpl9 (21) or by the
deletion method of Dale et al. (22).

Tryptic Peptide Isolation and NH2-Terminal Sequencing.
For peptide sequencing pure 100-kDa polypeptide was pre-

Abbreviations: bp, base pair(s); FITC, fluorescein isothiocyanate;
kb, kilobase(s).
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FIG. 1. Structure of the Neurospora plasma membrane H+-ATPase gene. (A) Restriction map and sequencing strategy for genomic clones
pKH4, pKH5, and pKH14. Only the six-base restriction sites Bgl II (B), Cla I (C), HindIII (H), Kpn I (K), Pst I (P), EcoRI (R), Sal I (S), Xho
I (X) used in sequencing are shown. The extent and direction of sequencing are indicated by arrows. Exons are represented by shaded boxes;
introns by open boxes. The direction of transcription is from left to right. (B) Structure of the cDNA clones; A represents the introns not present
in the cDNA clones. The DNA sequence of the cDNA clones is identical with that of the genomic clones except for a 43-bp sequence (not shown)
on the 5' end of clone S18, which presumably is an artifact of cDNA synthesis.

pared by chromatography of glycerol-gradient-purified (1),
NaDodSO4-solubilized ATPase on a Sephacryl S-400 col-
umn, followed by extensive dialysis at 40C to remove

NaDodSO4. The intact 100-kDa polypeptide was digested
with trypsin (ATPase/trypsin = 50/1, wt/wt) at 370C for 24
hr, and the resulting peptides were separated by reverse-
phase HPLC in 0.1% trifluoroacetic acid, using acetonitrile
gradients of 0-100% on a Supelco (Bellefonte, PA) LC-304
column (4.6 mm x 25 cm). Amino acid analysis and auto-
mated Edman degradation were performed as described (23).

RESULTS

Isolation of the Neurospora Plasma Membrane ATPase
Gene. The first step in isolation of the ATPase gene was to
probe a Neurospora Xgtll cDNA library with antibody
directed against the purified 100-kDa protein. Of 106 plaques
screened, 17 gave positive signals through five rounds of
plating. Twelve of the 17 plaques yielded small but detectable
inserts upon EcoRI digestion of purified phage DNA, and the
inserts fell into three nonoverlapping classes on the basis of
size [193, 312, and 498 base pairs (bp)] and cross-hybridiza-
tion data (Fig. 1). Representative clones (cDNA 7, 10, and 18)
were chosen for further study. DNA from all three clones
hybridized to a species of Neurospora poly(A)+ RNA large
enough [4.3 kilobases (kb)] to encode a 100-kDa polypeptide.
Furthermore, when RNA homologous to each of the DNA
inserts was purified from a preparation of total Neurospora
poly(A)+ RNA by hybrid selection (24), in vitro translation in
a rabbit reticulocyte lysate generated a 100-kDa polypeptide
that comigrated with authentic ATPase (data not shown).
Thus, the three cDNA clones appeared to encode different
parts of the plasma membrane ATPase.

To obtain the entire ATPase gene, cDNA clone 18 (Fig. 1)
was used to screen a Neurospora genomic library, yielding a
series of large (15- to 20-kb) overlapping genomic clones from
which smaller restriction fragments hybridizing with cDNA
7, 10, and 18 were identified and subcloned. Finally, to isolate
large cDNA clones, the Xgtll cDNA library was reprobed
with nick-translated genomic clone pKH14 (Fig. 1). In
contrast to the initial antibody screening of the library, which
gave cDNA clones with relatively small inserts, clones with
inserts up to 1.8 kb were obtained. It is not clear whether the
failure to detect large inserts by antibody screening was due
to a lack of synthesis of some of the corresponding fusion
proteins (for example, because of incorrect reading frames)
or to poor detection of relatively large fusion proteins by
immunoscreening of plaques.

Nucleotide Sequence of the Plasmna Membrane ATPase
Gene. Fig. 1 summarizes the strategy employed to sequence
both the genomic and cDNA clones, and Fig. 2 illustrates the
sequence of the ATPase gene and the amino acid sequence
deduced from it. The most probable initiation codon begins
at base 1247; it is present in a sequence with homology to the
consensus eukaryotic translation start site CCRCCATGG
(25) and is the only in-frame methionine codon upstream of
the first intron. The ATPase coding region is divided by four
small introns, ranging in size from 59 to 124 bp. All four
introns contain three highly conserved elements, including
the internal sequence RCTRAC that is probably involved in
lariat formation during splicing (Fig. 3; ref. 26).
The exons encode a protein of 920 amino acids with a

calculated molecular weight of 99,886, a value comparing
favorably with a molecular weight of 104,000 (1) determined
by NaDodSO4/polyacrylamide gel electrophoresis. Two
lines of evidence support the correctness of the deduced
amino acid sequence: (i) the predicted amino acid composi-

0
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1 GATCACCCTTTTTCGCGAGCGTCCGGTCGTCTCAGCGCACCTGTGTGATCCACGCAGGTCC 120

121 ATGTCATACTACTTCTCGGTGGACACTGTTGAATGACTCTGCGAACCTGTGCTACCTGAAG 240

241 TCTTTGGGCTCCGGAAAGGAGCAGAGAGGAGTGGTCGAAGATCACGCACACACGTCCGACG 360

361 GCGTGGATTCCCCGTCCCAGGTCCTTGAGGATTTGTCTGGATAGGGATGAGGCGATGGGG 480

481 CAGCCCCAGCCACCACAGCAAGTCGGAATCAAATCGGCTCGCATGTGACGCATCAATTGGG 600

601 CAGCAGAGTGTGACTGCGAAGCCCTGTGTACGTGAGTGATCTTTGCGTCTGTCCCTCCTTT 720

721 TCTAGTGAGTTTATCTCTCTGGACCCCCACCTAATTTCCACAACCCGCATCCTGTGAGTTA 840

841 CCTTCACATCCAAACCCACATGTACAAAACCACCGGGCGAACTCAGCGTACTTCGCGTCAG 960

961 TCAAAGCGACCGCTCACACGTCTCCATCACCCTCACCACGTTCCGGACGTCAGTTCACTGC 1080

1081 TACTCCCACCATAAACCATCTACTTCTCACATGCGCCGTACCAACATCACTGCTGTCAATC 1200

1201 CTATTCCTGAACTGTTCACAACCATGGACCCGCGGCCCTCCGCACAACAACGAGTGCAAGC 1320
MetAlaAspHisSerAlaSerGlyAlaProAlaLeuSerThrAsnhleGluSerGlyL sPheAspGluLysAl

1321 1440~~~~~~~~~~~~~~~1

30 40 50 60
1441 GCCTCGTGACCCGAATACATATGAGGAGAAGGCATCGTGGCGGTTCCAGCTCCAATAACGG 1560

GluGluGluGluGlu~luAlaThrProGlyGlyGly~rgValValProGluAspMetLeuGflnThrAspThrArgV
70 80

1561 TCGCCCTCAGGTGCACCGCCATCGCCACGTAGAGGAGGACCTCCATCTGTTTCTGTCATAT 1680

1681 1800910 1012

heValMetGlu

1801 CTGTGCAAGTCGCTCTCGTGCCAGCGGTATCGGCTTCGTGTCTTACCGTTGTTGTAGATCG 1920
GlyAlaAlaValLeuAlaAlaGlyLeuGluAspTrpValAspPheGlyVal IleCysG1lyLeuLeuLeuLeuAsnAlaValValGlyPheValGlflGluPheGlfl
1 3 0 1 4 0 150 160V

1922 CGTCACTGCATGAAGAGTCACACGCTCAGCATACAGGTACGTGTTCGATTGTTAGCGCTC 2040
Ala~lySer IleValAso luLeuLysLy sThrLeuAlaLeuLysAl aVa1Va1Le

17r 180
2041 CCTAGTCCCAGGTGGCCCAGCTCCGGTTCCAGTAGGGACTACCGTAGTGACTACAGTCTCT 2160

uArgAspGlyThrLeuLysGluIleGluAlaProGluValValProGly;~spIleLeuGlflValGluGluGlyThr IleIleProAlaAspGlyArg IleValThrAspAspAl aPheLe
190 200 210 220

2161 CCGTGTATTCCTCGCATTTGTTGCACCAGTACGTTCCTCCGTTAGGGTAGTTGGTACCGCC 2280

230 240 250 260

2400~~~27287V3

2401 CCCCTACTTGTTCCGTTCGTCACCTGCAACTGGTACTGCTACTACGGCCGCGCTCGTTG AC 2520

310 ~~~~~~~~~~32033034
2521 CACCAGCGCGGCCTCTGCAAGAGCTGCAAGTTCCACATCTGTGGCAATTTCCGCAATGACT 2640

350 360 370 P 380
2641 CACAACACCCCCAGCCTCCGCCGTTGCCGGACCTCTCGCGTGCGTCCCAAGAGTTGTCACA 2760

430 440 4510 460

2881 3000~~~440 5 4

470 F 480 490 500
3001 TGGTGTCCTGTCGTTTGTTGCGAGGGCAGCCTGAATTGTTAGCTCTGCCCCGCCAACAAGC 3120

3121 3240~~~~15 50 4

3361 3480~~~~506 7 8

790 800 810 820 -
3961 GACTGTCTGTCAGCGTAGTTACAGTCTGTAGAGCAATGATCGCAGTCTCAGTCCCCGTCA 34080

nG~nrgrGln~yLeu~e alAlaMet~hr~~lyAsp~lylesnesAlahryPh8ehr uLys~ys~ly~sp~hrGlyuleis ~ ll~yeSerAsp~hrIea Ala~Al~aArg Ie6rple~lah
34081 42CTTCTGCCGTTGTCACTGTCCTAGCTTGCGTTCACCTTCCTAGTTTCGACCCGCACATGA300

u~lsPh eul eur lel lee snr ere snl luealalPVel a~ehAla~aleleulnahrgeu~al ler~rlanyrsplu~sn~laro
710 M 740~~~~~~~~~~~~~90 2

43721 44GAACCGCATGACTCAGTTGGTTTCTCCTGTTGC-GCTGTCTGACCGCCACTTCCCGGGGA340

4561 4680~~~~776 708

4801 4920~~~~908080 2
4921 50GGCGTACGGTTTCTGTAACCTCACGTCCACGGTGTCACCCCAACCACTGCTGCGACGACT408
5041 5160~~~~308OO 6

5281 GTGATTCGGTCTCTGCA ATCATGGGCGAGAGTCTAGCACATCGAACCATTTCAGGGAAGGCTTGATGCAACTAGCATCCGGAAGCCT5359ACGAGACCTGTGA 40

(Lysp9-Ls1e Tr3Ly5,Se0Ly6,an Gy8- alo value of reu28% rgov ertefrth95lamino acids to79%ove
Lys898)weresequencedand could be unambiguously located the remainder.92

within the deduced amino acid sequence. Not surprisingly, the Neurospora ATPase shows a lesser
Homology with Other Ion-Transporting ATPases. The yeast degree of homology with the Na',K+- and Ca2+-ATPases of

Saccharomyces cerevisiae has a plasma membrane H+- animal cells-only about 14% overall. However, there are
ATPase with similar, though not identical, kinetic properties several regions of striking similarity, as illustrated in Fig. 4:
(2). Comparison of the amino acid sequence of the Neuro- (i) a region of unknown function between residues 191 and
spora plasma membrane ATPase with that of the correspond- 220; (ii) a region surrounding the phosphorylation site (resi-
ing yeast enzyme of 918 amino acids (27) demonstrates an dues 327-386); and (iii) two other regions that, at least in the



Proc. Natl. Acad. Sci. USA 83 (1986)

Intron
1
2
3
4

Size
58 bp GTAAGT-35-----TACTAACC----7---TAG

124 bp GTACGT-----97-----TGCTGACT----10----CAG
64 bp GTAGGT----- 36-----CGCTAACC----11----CAG
67 bp GTAAGT-----38-----AGCTAACC----12----CAG

Neusrospor
Consensus

Yeast
Consensus

GTAACGT-- -35- 291 --_ TGCTGACX- ---6- 20 --_CAGC AA A T

GTATGT------- ATAA-55 A
T

FIG. 3. Introns of the Neurospora ATPase gene.

animal cell ATPases (10, 11, 32), appear to contribute to the
ATP binding site-one containing an FITC-reactive lysine
that can be protected by ATP (residues 473-503) and another
containing an 5 '-(p-fluorosulfonyl)benzoyladenosine-re-
active lysine, which also can be protected by ATP (residues
604-663). There is a smaller, though still significant, degree
of homology with the more distantly related K+-transporting
ATPase of Escherichia coli (31).

Predicted Transmembrane Orientation. Although the de-
tailed structure of only a few membrane proteins is known,
it has proven helpful to use sequential search procedures to
identify possible membrane-spanning segments on the basis
of their hydrophobicity. In Fig. 5A, the procedure of
Engelman et al. (33) has been applied to the Neurospora
H+-ATPase. If one takes 20 kcal/mol (1 cal = 4.18J) as a
threshold value for the free energy of transfer of a 20-amino
acid segment to water, above which value the segment is
likely to be located in the membrane (33), the Neurospora
ATPase is predicted to contain eight transmembrane seg-
ments, 20 to 31 residues in length (Fig. 5B). Four of the
segments are found in the NH2-terminal one-third of the
protein and four in the COOH-terminal one-third. An addi-
tional stretch of 19 amino acids from residue 657 to 675 has
a free energy of transfer that is only slightly smaller (18
kcal/mol) and might be regarded as a candidate for a ninth
transmembrane segment. This would change the predicted
location of the COOH terminus from the cytoplasmic side of
the membrane to the extracellular side, a matter that will have
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to be resolved by direct biochemical experimentation. The
yeast, Na',K+- and Ca2+-ATPases have strikingly similar
hydrophobicity profiles (data not shown) and have been
postulated to contain six to ten transmembrane segments,
also clustered in the NH2- and COOH-terminal regions (27,
29, 30, 34, 35).

DISCUSSION
This paper describes the cloning of the gene for the Neu-
rospora plasma membrane H+-ATPase. The gene contains
four introns that are distributed nonrandomly, three clustered
at the 5' end and the fourth located quite close to the 3' end;
the position of the introns has no obvious relationship to the
domain structure of the protein. Of interest, the correspond-
ing yeast gene, though conspicuously homologous in its
coding regions, contains no introns (27). In a separate series
of experiments not reported here, the Neurospora ATPase
gene has been mapped by means of a restriction fragment
length polymorphism technique to the left arm of chromo-
some I, close to the mt locus (B. J. Bowman and R. L.
Metzenberg, personal communication).
From the sequencing of both genomic and cDNA clones,

the primary structure of the Neurospora H+-ATPase has
been deduced and a working model of its topology in the
membrane has been developed. The model predicts that
approximately 22% of the protein is embedded in the mem-
brane, 74% protrudes into the cytoplasm, and only about 4%
is exposed at the outer surface. The two major cytoplasmic
loops show significant homology to the corresponding por-
tions of the Na' ,K+- and Ca2+-ATPases, suggesting that they
participate in common functions such as ATP binding and
hydrolysis. The availability of cloned genes for several
members ofthe ion-translocating ATPase family will pave the
way for a direct test of this idea and may also permit the
identification of sequences involved in ion specificity.

We thank S. Baserga, L. Caballero, E. Feingold, F. Kalousck, J.
Kraus, T. Lalor, R. Mercer, J. Metherall, J. Rose, and J. Schneider
for technical advice and helpful discussions; M. Sachs, U.
RajBhandary, R. Geever, and N. Giles for providing Neurospora
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FIG. 4. Amino acid homology between the Neurospora plasma membrane H+-ATPase and other ion-translocating ATPases. Homologies
were identified using the University of Wisconsin Genetics Computer Group programs (28), introducing gaps (indicated by *) to maximize
homology. Identical residues are boxed; the phosphorylation site is indicated by * and the FITC site by l. Designation of sequences is as follows:
H, the Neurospora plasma membrane H+-ATPase sequenced in this work; Ca, the fast-twitch form of the rabbit sarcoplasmic reticulum
Ca2+-ATPase (29); Na,K, the sheep kidney Na+,K+-ATPase (30); and Kdp, the product of the E. coli KdpB gene (31). The H+-ATPase of yeast
shows similar sequence homology with the animal cell and E. coli ion-translocating ATPases (27).
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