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SUMMARY: The DNA sequence of a part of the gene cluster for the proton-trans-
locating ATPase of E. coli was determined. Two reading frames were found between
the genes for dicyclohexylcarbodiimide-binding protein and o subunit. The follow-
ing evidence indicates that one frame codes the § subunit; i) The primary struc-
ture deduced from DNA sequence agreed with amino acid composition of the protein.
ii) Five residues from the amino terminal were the same as those deduced from DNA
sequence. The o helix content of this protein (estimated from the primary struc-
ture) was 60.2% of the total residues with the longest helical domain of 50 resi-
dues. The intercistronic sequence between the genes for § and o had 15 base pairs,
suggesting that the synthesis of the a is not regulated transcriptionally. The
organization of the gene cluster was also shown on the physical map.

The H+—ATPase of E. coli catalyzes the synthesis of ATP utilizing a proton
gradient established by the electron transfer chain. The ATPase consists of two
portions, F; and Fy. F; has a catalytic function as an ATPase and has five differ-
ent subunits, a, B, Y, §, and € Fy has three subunits (24K, 19K, and DCCD-binding
protein) (4,5) and is intrinsic to membranes, while F; is extrinsic to membranes.

All the structural genes for the ATPase are clustered in the 83 min region on the

E. coli linkage map (6,7). A detailed physical map of this region was constructed,
and structural genes for subunits were located on the map (8-11). Recently, we
determined the nucleotide sequence of the gene cluster using a hybrid plasmid pMCR533
carrying most of the cluster and found sequences corresponding to the gene for DCCD-

binding protein (papH) and the amino terminal portion of the a subunit gene (papA)

Abbreviations used: H+— TPase, proton-translocating ATPase; F;, peripheral
membrane component of H -ATPase; Fy, intrinsic membrane component of H ~ATPase;
DCCD, N, N'-dicyclohexylacrbodiimide; DCCD-binding protein, a subunit of F,
capable of binding DCCD; o, B, Y, §, and ¢, five subunits of Fi1. 24K, 18K, 19K
and 14K indicate polypeptides with apparent molecular weights of 24,000, 18,000,
19,000 and 14,000 daltons, respectively. As discussed in the text 18K and 19K
may be the same component in F,, and the slight difference of the molecular
weights may be within experimental errors in calibrating molecular weights.
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(12). From the exact loci of these two genes we located structural genes in the
following order: uncB (Fg), papH, papA, papC (y) and papB (B) (12).

We are attempting to determine the whole nucleotide sequence of the gene cluster
to obtain information on the fine structure of each subunit and the mechanism of
gene expression. In this study we found a nucleotide sequence that codes the §
subunit between papH and papA. The primary structure of the subunit showed that
it has a high helical content as a possible secondary structure. The intercistronic
region between genes coding for the 6 and o subunits was only 15 base pairs, suggest-

ing that synthesis of the & subunit is not regulated at a transcriptional level.

MATERIALS AND METHODS

Preparation of plasmid DNA and its fragments. A hybrid plasmid pMCR533 (8) was used
in this study. The plasmid DNA was digested with approptiate restriction endo~-
nucleases according to the sequencing strategy shown in Fig.l. Restriction endo-
nucleases were purchased from Boehringer Mannheim GmbH, New England Biolabs and
Takara Shuzo Co., Japan.

Nucleotide sequencing. A DNA fragment recovered from polyacrylamide gel was

labeled with 32P-y~ATP with T4-polynucleotide kinase (Boehringer Mannheim GmbH),

and the nucleotide sequence was determined by the method of Maxam and Gilbert (13).
Determination of the amino acid sequence by Edman degradation. About 100ug of the

§ subunit from E. coli ML308-225 was subjected to manual Edman degradation (14).

The phenylthiohydantoin derivatives of amino acids in each cycle were analyzed by
high performance liquid chromatography on a C18u Bondapack column (Waters Associates,
Inc.).

RESULTS

The DNA sequences corresponding to the structural genes for DCCD-binding protein
(papH) and o subunit (papd) were located on a hybrid plasmid pMCR533 (12). Two suc-—
cessive reading frames were found in the region between papH and papAd. The first
frame adjacent to pap# encodes a protein of 156 amino acids, possibly 18K of Fy,
which may be the same as the protein of 19,000 daltons observed previously in puri-
fied Fy (5) or the 18,000 dalton protein of the in vitro translation product (11).
However, more detailed sequencing and protein chemical studies are required to
establish the complete structure of this putative protein. The first frame has one
termination codon (TAA) which is only 13 base pairs apart from the start of the

next reading frame. In this region we found a Shine-Dalgarno sequence (15), sug-
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Fig. 1 DNucleotide sequencing strategy. £E. col? DNA (about 4,300 base pairs)

carried on hybrid plasmid pMCR533 is shown at the top of the figure. The cleavage

sites by various restriction endonucleases are shown as follows: E, EcoRI; B,

Bamfd1; H, HindI1I; Hh, Hhal. The detailed cleavage maps with Alul, Ahal, Hinfl,

and Taql are also shown. Arrows indicate the sequenced DNA segments with its

direction and approximate length. The location of the DNA segment coding for

the & subunit is shown with amino (-NH,) and carboxyl (-COOH) terminals.
gesting that this region is a preceding part of the next gene. We determined the
nucleotide sequence of the second frame and the flanking region by analyzing both
strands of the DNA segment according to the sequencing strategy shown in Fig.l.
The primary structure of the putative protein (176 residues) was deduced from the
nucleotide sequence (Fig. 2).

From the following evidence we conclude that this protein is the § subunit of Fj:
i) Five residues in the amino terminal were the same as those determined in this
study by Edman degradation, namely Met-Ser-Glu-Phe-Ile. ii) The amino acid compo-
sition was in good agreement with protein chemical data (16), although the contents
of arginine, isoleucine and proline were slightly different (Table I). The molecular
weight of the protein obtained from the primary structure was 19,582, while that
of ¢ determined by gel electrophoresis was 18,500 (16). iii) The secondary struc-
ture determined from the primary structure supports this notion as discussed below.

The intercistronic region between the genes for § and o subunits was 15 base pairs

and included one termination codon (TAA).
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Hhal Taql Alul

.8 ] )
§' GLC GAG AAG ATC ATC GAA CGT TCC GTG GAC GAA GCT GCT AAC AGC GAC ATC 676G GAT AMA 60
Ala Glu Lys 1le ITe Glu Arg Ser Val Asp Glu Ala Ala Asn Ser Asp Ile Val Asp Lys

Alul

4
CTT GTC GCT GAA CTG TAA GGAGGGAGGGGCTG ATG TCT GAA TTT ATT ACG GTA GCT C6C CCC 123
Leu Yal Ala Glu Leu end Met Ser Glu Phe 1le Thr val Ala Arg Pro

Al Tag!

) )
TAC GLC AAR GCA GCT TTT GAC TTT GCC GTC GAA CAC CAA AGT GTA GAA CGT TGG CAG GAC 183
Tyr Ala Lys Ala Ala Phe Asp Phe Ala Yal Glu His GIn Ser Yal Glu Arg Trp GIn Asp

At

L)
ATG CTG GCG TTT GCC GLC GAG GTA ACC AAA AAC GAA CAA ATG GCA GAG CTT CTC TCT GGC 243
Met Leu Ala Phe Ala Ala Glu Val Thr Lys Asn Glu GIn Met Ala Glu Leu Leu Ser Gly

Hhal hhal Hhal Hinfl

44 L) ()
GLG CTT GLG CCA GAA ACG CTC GCC GAG TCG TTT ATC GCA GTT TGT GGT GAG CAA CTG GAC 303
Ala Leu Ala Pro Glu Thr Leu Ala Glu Ser Phe lle Ala Val Cys Gly Glu Gln Leu Asp

Hinfl Hhal

4 1
GAA AAC GGT CAG AAC CTG ATT CGG GTT ATG GCT GAT AAT GGT CGT CTT AAC 6CG CTC CC6 363
Glu Asn Gly GIn Asp Leu Ile Arg Val Met Ala Glu Asp Gly Arg Leu Asn Ala Leu Pro

GAT GTT CTG GAG CAG TTT ATT CAC CTG CGT GCC GTG AGT GAG GCT ACC GCT GAG GTG GAC 423
Asp Val Leu Glu GIn Phe Ile His Leu Arg Ala Val Ser Glu Ala Thr Ala Glu Val Asp

Alul

4
GTC ATT TCC GCT GCC GCA CTG AGT GAA CAA CAG CTC GCG AAA ATT TCT GCT GCG ATG GAA 483
Val Ile Ser Ala Ala Ala Leu Ser Glu Gln GIn Leu Ala Lys Ile Ser Ala Ala Met Glu

Al Tag!

{ L)
AAA CGT CTG TCA CGC AAA GTT AAG CTG AAT TGC AAA ATC GAT AAG TCT GTA ATG GCA GGC 543
Lys Arg Leu Ser Arg Lys Val Lys Leu Asn Cys Lys Ile Asp Lys Ser Val Met Ala Gly

Hhal

[)
GTT ATC ATC CGA GCG GGT GAT ATG GTC ATT GAT GGC AGC GTA CGC GBT CGT CTT GAG CGC 603
val De Ile Arg Ala Gly Asp Met Val Ile Asp Gly Ser Val Arg Gly Arg Leu Glu Arg

EcoRrl

4
CTT GCA GAC GTC TTG CAG TCT TAA GGGGACTGGAGC ATG CAA CTG AAT TCT 3 654
Leu Ala Asp Val Leu Gln Ser end Met GIn Leu Asn Ser

Fip. 2 Nucleotide sequence of the structural gene of the § subunit and its flank-
ing region. The nucleotide sequence in the antisense strand is shown with the
deduced amino acid sequence and cleavage sites for restriction endonucleases.

The DNA sequences coding for the carboxyl terminal of a putative protein (18K),
and the amino terminal of the a subunit are also shown. The Shine-Dalgarno se-
quence (15) preceding each gene is underlined.

DISCUSSION

Secondary structure of the § subunit. From the primary structure of the & sub-

unit, we estimated the possible secondary structure by the procedure of Chou and
Fasman (17) (Fig.3). The structure was found to be highly helical: the helical
content is 60.27% of the total residues. The longest domain of the helix consists
of 50 residues (Fig.3). It should be noted that this is an exceptionally long
helical domain in comparison with those of other proteins so far studied (18).
This high helical content is in good agreement with previous results obtained by

circular dichroism (55-70%) (16).
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Table I
Amino Acid Composition of § Subunit of E.coli Fy

Amino Acid Predicted from Reported*
DNA Sequence

moles/19,558 daltons

Phe 6 5.89
Leu 18 17.1
Ile 10 8.37
Met 7 5.95
Val 16 14.5
Ser 12 13.0
Pro 3 4,32
Thr 4 4,28
Ala 27 26.3
Tyr 1 0.99
His 2 2.09
Gln + Gilu 26 26.4
Asn + Asp 15 15.5
Lys 8 8.32
Cys 2 2.23
Trp 1 1.19
Arg N 10.6
Gly 8 9.43

* Reported mol per cent values (16) were multipled by
177 residues for the § subunit.

Flanking sequence. We found that there are only 15 base pairs between the car-

boxyl terminal end of the § subunit gene and the amino terminal end of the o sub-
unit gene. A Shine-Dalgarno sequence (15) was found just before the initiation
codon of the gene for the o subunit. It was reported that the o and B subunits

in E. coli F; have three copies each, while other subunits Y, 6 and ¢ have only

one copy each (19). Therefore there must be some regulation of the synthesis of
these subunits to establish a suitable molar ratio of each subunit in F;. The
structural gene for H+-ATPase may be transcribed as an operon (20). If there is
transcriptional regulation, there should be a regulatory site(s) (internal promotor
or operator site(s)) within the operon. However, the intercistronic sequence is

too short to expect such a site(s) (21), suggesting that there is no transcriptional
regulation between expression of the genes for the § and o subunit. The situation
seems to be the same in the intercistronic region (13 base pairs) between a putative

protein (possibly 18K) and & subunit genes.
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Fig. 3 Putative secondary structure of the § subunit. The secondary structure
of 6 was estimated by procedure of Chou and Fasman (17). Amino acid residues are
shown by single letter symbols (18). The & helix (A), B sheet (B) and turn (T)
are indicated under the amino acid sequence. Each @ helical domain shown here
ends one amino acid residue before the residue known to be a helix breaker.

Codon usage. There are some differences in the usage of several codons in the §

subunit from those in other proteins: the usage of CTG in § is 56% of the total
codon used for Leu, whereas the usages of the same codon in ribosomal proteins
(23) and the DCCD-binding protein (12) are 91% and 92%, respectively, of the
total codon used for Leu. A similar type of difference was observed in usage of
several other codons and may be interesting for understanding the regulation of
the synthesis of this subunit.

Organization of the gene cluster for the H+-ATPase subunits. We have proposed

nomenclature (based on the gene products) for the structural genes coding for sub-
units of the H+—ATPase (12). According to this systemof nomenclature, we propose
to call the gene coding for § papE. Recently, Downie et al. showed that the
genes for F;Fy were arranged in the order of wuncB (24K), [uncF (18K), uncE (DCCD-
binding protein)], [§ subunit gene, 14K gene] and wncd (o subunit) (11), although
the order of genes coding for § and 14K and wuncE and uncF were uncertain. In our
sequencing study, we could not find a structural gene corresponding to 14K. 1In
this regard it must be noted that purified active F,;F, did not contain 14K as a
subunit (5). Recently, Brusilow et al. showed 24K, 18K and DCCD-binding protein

but no 14K in their in vitro translation product of Fy (24). From the present
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Fig. 4 Organization of the gene cluster for H+—ATPase. On the basis of the nu-
cleotide sequence determined in the present study togetger with previous results
(11,12), the organization of the structural genes for H -ATPase is shown on the
physical map of E. coli DNA. Coding frames shown by solid bars indicate regions
in which nucleotide sequences were determined in the present study or previously
(12). Coding frames shown by open bars were estimated from the results in this
study and previous observatioms (11,12). The locus of the gene for 24K (papD)
is according to Downie et al. (11). The loci for papl, B, and G were discussed
previously (12). Cleavage sites by Pstl (P) and other endonucleases (legend to
Fig. 1) are shown in abbreviated forms. The arrow at the top of the figure indi-
cates the direction of transcription.

results and previous ones (11,12), we summarize the order of structural genes
coding for F1Fy as follows: papD (24K), papH (DCCD-binding protein), papF (18K),

papE (6), papd (o), papC (Y), papB (B), and papG (e) (Fig.4).
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