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AND THE o SUBUNIT OF PROTON-TRANSLOCATING ATPase of ESCHERICHIA COLI

Hiroshi Kanazawa, Kazunori Mabuchi, Toshiaki Kayano
Fumie Tamura and Masamitsu Futai

Department of Microbiology, Faculty of Pharmaceutical Sciences
Okayama University, Okayama 700, Japan

Received March 27,1981

SUMMARY : The recombinant plasmid pMCR533 carries part of the gene cluster coding
for the proton-translocating ATPase (F;-Fy) of E. coli. The DNA sequence of the
structural gene for dicyclohexylcarbodiimide-binding protein was obtained by ana-
lyzing a DNA fragment from this plasmid, The DNA sequence corresponding to the
amino terminus of the structural gene for the o subunit was also found on the
plasmid. Both sequences were in good agreement with the amino acid sequences
determined previously. From the exact locations of these two genes we have lo-
cated genes coding for other components of F;~F; on the defined portion of E. coli
DNA. A proposal is made to use the nomenclature pap (proton-translocating ATPase
subunit protein) for the structural gene cluster for F;-Fy.

The proton-translocating ATPase (Fl—FO) of E. coli has the same basic struc-
ture as those from mitochondria and chloroplasts (1-3). The ATPase is a complex
membrane enzyme consisting of two portions: Fl (5 different subunits) and F0 (at
least 2 different subunits). Information is still limited regarding the primary
structures of the subumits. So far, only the complete amino acid sequences of
proteolipid subunits of FO (DCCD~binding protein) from various origins have been
determined (4). Determination of the primary structures of other subunits should
provide important clues for understanding the function and assembly of this com~

plex enzyme.

In a series of elegant genetic studies, Gibson and his colleagues identified 7

different genes (urnc genes) coding for components of F —Fo of E. coli and mapped

1

Abbreviations used: F;, the portion of the proton-translocating ATPase that is
peripheral to the membrane; o, B and Y subunits, three major subunits of F;; Fg,
integral membrane portion of the proton-translocating ATPase; DCCD, dicyclohexyl-
carbodiimide; DCCD-binding protein, a subunit of ¥, functioning as a proton
channel; M Dal, megadalton; bp, base pairs.
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Fig. 1 Organization of the gene cluster (unc) coding for F;-Fy of E. coli.

(a) E. coli linkage map around the gene cluster (unc) coding for F;-Fy (23).

(b) Organization of the structural genes for F,-F; on the physical map of E. coli.
Location of a gene coding for DCCD-binding protein (DCCD bp) and mutant alleles

of the o subunit (uncd40l) and B subunit (wncDll) were determined by genetic
complementation as reported previously (7,8). The cleavage sites of endonucleases
HindIII (H), EcoRL (E), Pstl (P) and BamHI (B) are shown.

(c) Organization of the structural genes for F;-F; determined in the present study.
The structural genes coding for DCCD-binding protein and the o subunit were located
from determination of the DNA sequence. The locations of other genes were esti-
mated as described in the text. Nomenclatures of structural genes proposed in

this paper are shown.

them at about 82.5 min of the linkage map (5)(Fig. la). Recently we found that

a transducing phage Aasn-5 carries a whole set of structural genes for Fl—F0 (6)

and we localized them on a defined segment (4.5 M Dal molecular weight) of E. coli
DNA carried by this phage (7)(Fig. 1b). The approximate location of the genes
coding for DCCD-binding protein of Fo and the o and B subunits of Fl were determined
previously by genetic complementation (7,8)(Fig. 1b). On the basis of these find-
ings, in the present study we obtained the nucleotide sequences corresponding to

the complete amino acid sequence of DCCD-binding protein and the amino terminal
sequence of the o subunit. From these results we located the genes coding for

the DCCD-binding protein and o subunit exactly on the DNA segment and discussed

the organization of the genes coding for other subunits of F ~F0, including the

1
genes for B and Y. Now it will be easier to determine the DNA sequences of other

subunits, and to deduce primary structures from the nucleotide sequences.
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Fig. 2 Restriction fragments used for DNA sequencing.

The restriction maps of fragments A and B, carrying genes for DCCD-binding protein-
and the amino terminal portion of the & subunits, respectively, are shown.
Restriction sites are shown by solid lines. The arrows indicate the direction and
approximate length of the fragment sequenced. The approximate locations of DNA
segments coding for DCCD-binding protein and the o subunit are shown with amino
(-NH; ) and carboxyl (-COOH) -terminals.

EXPERIMENTAL PROCEDURES

Preparation of plasmid DNA and its fragments. Covalently closed circular DNA

of pMCR533 was prepared from strain KY7625 harboring this plasmid as described
previously (7). The DNA fragments used for determination of nucleotide sequences
were prepared by digesting the plasmid DNA with various restriction endonucleases
according to the sequencing strategy. The restriction endonucleases used in the
present study were purchased from Bethesda Research Lab., New England Biolab.,
and Takara Shuzo Co., Japan.

Nucleotide sequence determination. The 5'-end of DNA fragments was phosphorylated
by Ty polynucleotide kinase (Boehringer Mannheim GmbH) with Y—32P~ATP prepared as
described previously (9). Labeled DNA was cleaved chemically and its nucleotide
sequence was determined by the method of Maxam and Gilbert (10).

RESULTS

Determination of the nucleotide sequence coding for DCCD-binding protein. The

structural gene for DCCD-binding protein was mapped previously within the 1.38

M Dal DNA segment between the promoter proximal HindIII and EcoRI endonuclease
sites (8)(Fig. 1lb, 2). This DNA segment is carried by a hybrid plasmid pMCR533.
In preliminary experiments, we sequenced most of the region of the DNA segment
prepared from pMCR533, and found a sequence corresponding to the gene coding for
DCCD-binding protein in the middle of the 1.38 M Dal fragment (about 1200 bp from

the promoter proximal AZndIII site)(Fig. lc, 3). The amino acid sequence of the
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60
5' ATG GAA AAC CTG AAT ATG GAT CTG CTG TAC ATG GCT GCC GCT GTG ATG ATG GGT CTG 6CG
Met Glu Asn Leu Asn Met Asp Leu Leu Tyr Met Ala Ala Ala Val Met Met Gly Leu Ala

Hhal, 120

GCA ATC GGT GCT GCG ATC GGT ATC GGC ATC CTC GGG GGT AAA TTC CTG GAA GGC G6CG GCG
Ala Ile Gly Ala Ala Ile Gly Ile Gly Ile Leu Gly Gly Lys Phe Leu Glu Gly Ala Ala

A . .. B
Khal Hinfl 180

)

CGT CAA CCT GAT CTG ATT CCT CTG CTG CGT ACT CAG TTC TYT ATC GTT ATG GGT CTG GTG

Arg GIn Pro Asp Leu Ile Pro Leu Leu Arg Thr GIn Phe Phe Ile Val Met Gy Leu Val
240

GAT GCT ATC CCG ATG ATC GCT GTA GGT CTG GGT CTG TAC GTG ATG TTC GCT GTC GCG TAG
Asp Ala Ile Pro Met Ile Ala Val Gly Leu Gly Leu Tyr Val Met Phe Ala Val Ala end

TAA 3!
end

Fig. 3 DNA sequence of the structural gene of DCCD-binding protein of E. coli.

The sequence shown is that of the antisense strand. Nucleotides 1 and 243 correspond
to the beginning and end of the gene. The amino acid sequence is based on the codons
of the universal code, and is in complete agreement with the results of protein
sequencing (4). Homologous amino acid residues in E. coli and Saccharomyces are
underlined. The nucleotide sequence of the A and B region corresponding to those

of Saccharomyces are GGA GCA and ATT GGT ATT, respectively (26,27).

protein deduced from the DNA sequence is in complete agreement with that obtained
by a protein chemical procedure (4,11)(Fig. 3). The code for the DCCD-binding

site is GAT (aspartic acid residue at position 61) and two successive termination
codons were found (Fig. 3). The direction of the reading frame of the nucleotide
sequence indicated that the gene cluster is transcribed from the asn side to the
glmS side of the chromosome, confirming previous genetic studies (5,6). We could
not find other copies of the gene within the 1000 bp from the amino and carboxyl
terminal ends of the gene. These results suggest that this protein is coded for

by a single copy of the structural gene, although it was shown that F —F0 has

1

an oligomer(possibly a hexamer) of the proteins (12,13).

Determination of the DNA sequence coding for the amino terminal portion of the o

subunit. The structural gene locus for the o subunit was also carried on
PMCR533 and mapped on the 1.30 M Dal segment of DNA (Fig. 1b). We have sequenced
the region around the EFcoRI site in the middle of the DNA segment derived from

E. coli and found the sequence corresponding to 69 amino acid residues of the

amino terminal of the o subunit. TFirst 26 residues except 23rd were in complete

222



Vol. 100, No. 1, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

EcoRI Hhal 60

5' ATG CAA CTG AAT TCT ACC GAA ATC AGC GAA CTG ATC AAG CAG CGC ATT GCT CAG TTC AAT
Met Gln Leu Asn Ser Thr Glu [le Ser Glu Leu Ile Lys Gln Arg Ile Ala Gin Phe Asn

120

GTT GTG AGT GAA GCT CAC AAC GAA GGT ACT ATT GTT TCT GTA AGT GAC GGT GTT ATC CGC
val Val Ser Glu Ala His Asn Glu Gly Thr Ile val Ser Val Ser Asp Gly Val Ile Arg

Haelll 180

ATT CAC GGC CTG GCC GAT TGT ATG CAG GGT GAA ATG ATC TCC CTG CC& GGT AAC CGT YAC
Ile His Gly Leu Ala Asp Cys Met Gin Gly Giu Met Ile Ser Leu Pro Gly Asn Arg Tyr

XhoI, Taql Hhal

GCT ATC GCA CTG AAC CTC GAG C 3!
Ala Ile Ala Leu Asn Leu Glu Arg

Fig. 4 DNA sequence of the structural gene of the amino terminal portion of
the a subunit of E. coli Fy.

The sequence is that of the antisense strand. Nucleotides 1 and 312 correspond to

the beginning and sequenced end of the gene. The amino acid sequence was deduced

as described in the legend of Fig. 3. The 25 amino acid residues identified by

Edman degradation (14) are underlined.

agreement with the amino terminal sequence reported by Dunn et al.(14)(Fig. 4).
The 23rd amino acid, which they did not determine, was deduced to be serine from
our result. The O subunit has about 539 amino acid residues, as estimated by
amino acid analysis (15). Thus we estimated that the carboxyl end of the gene
for this subunit is about 1617 (539 x 3) bp apart from the first letter of the
initiation codon. The entire sequence of the gene, together with results of

chemical analysis of the protein, will be published elsewhere.

DISCUSSION

Organization of the gemne cluster coding for F1_Fo' This is the first report of the
1= o

DNA sequence of structural genes for bacterial F —FO. Previously we found that the

1
uncB gene and DCCD-binding protein gene are located within a DNA segment of 1.38
M Dal molecular weight (Fig. 1b)(7,8). Further evidence from other laboratories
(16,17) indicated that the uneB locus is between HindIII and the second BamHI site
(Fig. lc), suggesting that uneB does not code for DCCD-binding protein because

the DNA sequence of this protein was found in an entirely different portion of DNA
in this study (Fig. lc). Downie et al. found another gene (uncE) between the uncB

and uncA genes (18). The uncE gene may code for DCCD-binding protein, although there

is as yet no definite evidence of this. Discrepant results were reported on the

223



Vol. 100, No. 1,1981 - BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

subunit composition of E. coli FO (19-21). The nucleotide sequences of the uncB
and % genes and data on the protein chemistry of polypeptides in the F0 preparation
will identify the functional subunits of FO. Recently, Downie et al. showed by
genetic analysis that the uncG gene is located between uncé and wneD giving the gene
order uncBEAGDC (17). They also suggested that the wuncG gene has a HindI1l site
within its DNA and that if appeared to code for the Y subunit. We located uncDLl
mutation (22) previously (7), and the carboxyl and amino terminal of the o sub-

unit (uncd) on a defined segment. of DNA as discussed above. Taking these results
together, we gummarized the organization of the genes for subunits of Fl—FO. This
information is valuable for detérmining the DNA sequences of subunits with unknown

primary structures.

Codon usage. The overall usage of codons in genes sequenced in this study is
basically similar to that of other genmes in E. coli (24,25). However, codon usage
in DCCD-binding protein of E. coli is different from that of Saccharomyces cere-
visiae (26,27) even in the region coding for homologous amino acid sequences, as
indicated in Fig. 3(legend). The protein of E. coli also has homology with those
from other sources, such as beef heart mitochondria and spinach chloroplasts (28).
Thus determination of the nucleotide sequences of the genes from various origins

will be of interest for consideration of molecular evolution.

A proposal for nomenclature of the structural gene for F :Eo and its subunits.

1

Gibson and his colleagues isolated mutants with uncoupled oxidative phosphorylation
and identified unc genes (5). The product of the gene cluster has been assigned as
Fl—F0 (5,7) and subunits coded by some of the structural genes have been assigned.
Thus we propose to change the nomenclatures of structural genes to those related to
their products. Our proposal is to call the structural genes papid, B, C, D, E, F,

G and H. The name pap is an abbreviation of proton-translocating ATPase subunit
protein and A through # indicate subunits in order of decreasing molecular weight

(Fig. lec). Genes for the o subunit, B subunit, and DCCD-binding protein are

referred to as papA, papB, and papH, respectively, by the new nomenclature. How-
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ever, for other genes the old nomenclature should be used till their products have

been assigned.
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