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SUMMARY: A nucleotide sequence of 2328 base pairs comprising a portion of the
gene cluster for the proton-translocating ATPase of E. coli was determined. The
sequence covers most of the gene for o subunit, the entire gene for y subunit and
the amino terminal portion of the gene for B subunit, along with the flanking re-
glons of these genes. The amino acid sequences of these subunits deduced from the
DNA sequences indicate that the o and y subunits have 513 and 287 amino acid
residues, respectively. A possible secondary structure for each subunit was esti-
mated from the inferred primary structure. The intercistronic regions between the
genes for o and vy and between y and B are 49 and 26 base pairs, respectively.
The significance of codon usage in these genes is discussed in correlation with
their expression.

Proton-translocating ATPase, F¢-F1, including that of E. coli, catalyzes the
synthesis of ATP utilizing the proton gradient established by the respiratory
chain(l); the peripheral membrane portion, F;, consists of 5 subunits(e,B,Y,8 and
€) and in vitro catalyzes ATP hydrolysis. The intrinsic membrane portion of the
E. coli complex, Fj, comsists of 3 subunits and forms a proton channel. All the
structural genes for Fg-F) are clustered at 83 min region of E. coli linkage map
(2). A restriction map of DNA segment has recently been constructed(3-~6). We have
recently reported the DNA sequences of the genes for the DCCD-bp(papH), § subunit
(papE) and the amino terminal portion of the gene for the a subunit(papA)(7,8).

We report here the DNA sequences of the major portion of the papA gene, the
entire gene for y subunit(gagc) and the amino terminal portion of the gene for

the B subunit(papB). The complete primary structure of the o and y and partial

Abbreviations used: F; and Fg, periphral and integral membrane portions of proton-
translocating ATPase, respectively; DCCD, N,N'-dicyclohexylcarbodiimide; DCCD-bp,
DCCD-binding protein(a subunit of Fyg),
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primary structure of the 8 subunit were deduced from the DNA sequence. The flank-
ing sequences of these genes determined in this study may not be long enough to
function as a regulatory site(s) in transeription, suggesting translational
controls.

MATERTALS AND METHODS

Preparation of plasmid DNA and its fragments. Hybrid plasmid pMCR533(4) and
pFT1501 were used in this study. pFT1501 was constructed in this study by ligat-
ing a DNA segment from Aasn~5(3) into a segment of pBR533(9) digested by EcoRI

and HindIII. Sequenced DNA fragments were prepared from these plasmids according
to the : sequencing strategy(Fig. 1). Restriction endonucleases were purchased from
Takara Shuzo Co.(Japan), Boehringer Mannheim GmbH and Bethesda Research Lab.
Nucleotide sequencing. A DNA fragment recovered from a polyacrylamide gel was
labeled with 32P-y-ATP by T4-polynucleotide kinase(Boehringer Mannheim GmbH) (7).
The DNA sequence of the fragments was determined by the method of Maxam and
Gilbert(10).

Determination of the amino acid sequence by Edman degradation. About 100ug of the
Y subunit and 900ug of the B subunit purified from E. coli ML308-225(1l) were sub-
Jected to manual Edman degradation(8). The phenylthiohydantoin derivatives from
each cycle were analyzed by high performance liquid chromatography on a Cl8u
Bondapack column(Waters Associates, Inc.).

RESULTS AND DISCUSSION

DNA sequence of the gene for o subunit. Previously we determined 207 base pairs

from the amino terminal end of papA(7). According to this determination and other
results, we have estimated the loci of papC and papB on the physical map of the
E. coli genome(Fig. 1)(8). A hybrid plasmid pMCR533 carries entire papA gene and
a part of the papC gene. pFT1501 carries the rest of the papC and a part of the
papB. DNA fragments were prepared from these plasmids(Fig. 1), and the 2328-nu-
cleotide long sequence in the papA-papB region was determined(Fig. 2). An open
reading frame coding for o subunit has 1539 base pairs, and the amino acid se-
quence of 513 residues(55,264 daltons) was deduced(Fig. 2). The amino acid com-
position was in good agreement with protein chemical data(Table 1) (12). While we
were preparing this manuscript, Gay and Walker independently reported a DNA se-
quence for papA which lacked first 11 base pairs from the amino terminus(13).
Our results are consistent with theirs except for the 4 amino acid residues

indicated in Fig. 2.

DNA sequence of the gene for y subunit., An open reading frame adjacent to the

carboxyl terminus of papA starts 49 base pairs after the third letter of the ter-
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Fig. 1 Organization of the genes for Fg-F1 and DNA sequencing strategy. The
direction of transcription of the gene cluster is shown at the top of figure.

The coding frame of each gene with its nomenclature(pap) and coding subunit is
shown above the E. coli DNA. The coding frames shown by the solid bars indicate
the region in which the DNA sequences were determined in the present or previous
studies. Cleavage sites for endonucleases are as follows: E, EcoRI; H, HindIII;
B, BamHI. The cleavage map with PstI, Hpal, Smal, HinfI, Alul, HaelI, Hhal, Tagl,
and Hpall are also shown. Arrows indicate the sequenced DNA segments with the
direction and approximate length. Plasmids pMCR533 and pFT1501 cover the region
as shown. The scale shown at the bottom corresponds to the numbers of nucleotide
residues in Fig. 2. Several restriction sites in papA and papC determined previ-
ously by fragments analyses(4) were revised in the present study.

mination codon of papA. This open reading frame encodes a protein of 287 amino
acid residues(31,387 daltons). This agreed well with data for the y subunit
(Table 1) (14). Residues 2-6 from the amino terminus were identical to residue 1-5
of the y subunit determined by Edman degradation by S. D. Dunn(personal communi-
cation confirmed in this study). The predicted amino terminal methionine was pre-
sumably cleaved after synthesis. From these results we concluded that this open
reading frame codes papC.

DNA sequence of a part of the gene for B subunit. An open reading frame adjacent

to the carboxyl terminus of papC starts 26 base pairs after the third letter of

the termination codon of papC. We determined 51 base pairs of this reading frame
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ATGCAACTGAATTCTACCGRRATCAGCGAAC TGATCAAGCAGCGEATT GL TCAGTTCAATGT TGTGAGTGAAGCTCACAACGAAGSTACTATTGTT
NetGlnLeuAsnSerThrGlulleSercluleullelysGinArgIleAlaGlnPhed snVal Val SerGludlatisAanGluGlyThrIleValSerV

! & i ¢ CACTRAACCTCER 200
TAAGTGACGGTGTTATCCGCATTCACGRLL TGGLCGAT TRTATGCAGGGTRAAATGATCTCLCTGCCBEGTAACCGTTACGLTATLE!
alSerAspGlyVallleArylleHiallyleuh laksplysie tCInblyCluMetIleSerieuProGlydsnArgTyrAlalled lalewAenieull

- *
GCGCGQCTCTGYAGGTGCGETTGTTATGGGTCCGTACGC?GACCTTGCCGMGGCATGA;AGTTMGTGCACTGGCCGTATCCTGGMGTTCCGGT TG6C 300
uArgAspSerValGlyAlaval ValMe tGlyProTyrd Ladepleud laGluClyMe tLyaval LysCys ThrGlyArgIleLeuGluval Proval Gly

* -
CGTGELC TGCTGGGCCGTG'?GGTTMCACTCTGGGTGQECMTCGACGGTMAGGTCC&TGG‘TCA'CGACBGCTTCTCTGCTGTAGMGCMTCGCTC 400
ArgGlyleuleuGlyArgVal ValAsnThrleuGlyAlaProIleAspGlyLysGlyProLeuAsphisAspGlyPheSerAlaVal ludlalleAlaP

* -
CGGGCGTTATCGAACGT! tAETCCGTAsMGGCCGGTACiﬂCCGGTT ATAAAGCCGTTGACTCCATGATCCCAATCGGTCATGETCAGCGTGAATTGAT 500
roGlyVallleGludrgGlnServalAspGlnProValGinTheGly TyrlysAlaValAapSerMetIleProIleGlyArgGlyGlnArgGlulewnll

CATCGOTGACCGTCAGACAGGTARAACCHLACTGRE TATS GATGLCATCATCARC CAGCECRATTCCBATATCARATGTATC TATGTCGCTATCGGCCAR 600
elleGiyAspArgGlnThrGlyLysThralaleuAlalleAapAlallelleAsnGinArgAapSerGlylleLysCyslleTyrvalAlalleClyGln

» *
AAAGLGT CCACCATTTCTA‘CGTGGTACGTAMCTGGMEA@ZACGGCEACTGGCTMEACCATCGTTGTGGTAEMCCGCGTCTWTCCGCTG:AC 700
LysAL Thril ValValArglyeleuGluClulliaGlydlalevAlaAsnThrIleValValValAlaThrAlaSeriluSersladlal

*
TGCAATACCTGGCACGTATGCCGGTTGCGE TAATEOACGRATAC TTCCGTGACCRLEETCAAGATELECTGATCATTTAZGATGACCTGTCTAMACAGEE 800
euGlnTyrleudlaArgMetProValalalewMe t6lyGluTyrPheArgAspArgClyGludspAlaLeulle [le TyrdapAspLouSerLysClnAl

* *
TGTTGCTTACCGTCAGQTC?CCCTGCTGCTCCGTCGTCC&CCAHEACGTGAAGCATTCCEGGGCUCGTTTTCTACCYCCACTCTCGTCTGCTGGAGCGT 900
avalAlaTyrArgGinIleSerleuleuleuArgArgProProGlyArgGludlaPhe ProGludepVal Phe TyrleuliaSe mrgleuleuClulrg

* [
GC?GCACG?GT?MC(IC&RTACGTTGMGCC WQCC;M&BTWGTMGGGM.:ACCGGTTC TCTGACCGCACTGCLGATTATCGARMACTEAGG 1000
AlaklgArgValAsndlaGluTyrValludlaPheThrlysGlyCluVallysGlylys ThrGlySerlenThrilaleuProIle11eGluThrGlnd

*
CGGGTGﬁCGITYCTGCGTTEGTTCCGACCMCGTMYC TECATTACcﬂYGGYCAGATCfTCCTGMCCMCCTGTT&ACGCCGGTATTCGYCCTGC 1100
laGlyAepValSeralaPheVal ProThrAanlalIleSerIle ThrdspGlyGinlle PheloutluThrAenieuPhedanilaGly IleArgProAl

GGTTAACCCORGTATTTOCETATCCCGTGTTGGTETACAGCACAGACCAAGATCATGARAAAAC TGTCC GATGGTATCE GTACCGCTCTRRCACAGTAT 1200
aValaenProGlylleSerValSerdrg¥al GlyGlyAlaAlaGlnThrlyslleMe tLyelysLeuSerClyGlyIleArgThrAlaleudlaGintyr

CGTGAACTGACAGCATTCTLTCAGTTTGCATCCGACE TTRACGATGCAACACGTANGCARC TTGACCACGGTCABAMAGTGACCAACTGCTRAMEAGR 1300
ArgGluleuAlaAlaFheSerGinFheAlaSerAspleud spAspa laThrargLysGlnleudsphisClyGinLya Val ThrGluleuleulysGinl

MLAGTAI@R:CGMGTCEGTTQCGCAGCAGTCTCTGG?TCTGTT\',EAGCAWCGTEGYTACCTGGCG&“GTYGAKKLYG’Y COAMMATTGECAGCTT 1400
yaGlnTyrAlaProNetServallaGlnGinSerLeuVal LeurheAlaAlaGluArgGly TyrleudlaAspValGluLeuSerLye ILeGlySerph

CGMGCCGCTCTGCTGGCﬁAtETCGACCGTSATCMGC?CCGTTMTGCMGAGATCA‘CCAGACCGGTGGCTAEAAI:EACG\MTCSAAGGCMGCT('; 1500
aGluAlMla.LcuInuAlaﬂeralAspArgAapHiaAlamLeumtGlnGluIZeAancZnT)u'GlyGnyyrAsMspGZuI teGluGlyLysleu

MAGG(ATCCTCGA'ITCCT?CAMGCMCCCMTCCTGG?AATC{:ACGQZGGCTTCCTTKGGGCAGGCCGCAGGMEMEAGGAGMGCTCATG&:CGGE 1600
LyeGlylleleuAspserPhelysAlaThrGinSer Trpend - MetAlaGly

WHMTMGTAGTA;GATC@MEGTCCAGMCRCGCMMGATCACTMAGCEATGGAGATGGTC(IC(ITT&MMTGCGYAMTC(IAGE 1700
AlaLysGlulleArgSerLysIleAlaSerValGlnAsnThrGinlys]le ThriysAlaMe tGluMetVa lAlaAlaSerlysMetArgLysSerGinA

Acwmecw:cmccsrﬁcrTATGCAGAMCCAGGCGZGCMGIGATYGGTC&CCTI&ACACsemmemu?nemccm&ccrswci 1800
spAlalrpArg laValk GlnlyaProGlyAlaGinValIleGlyHisLeuAlaliaGlyAamLleuCluTyriyeisProTyrieuClude

CCOCGACGTTAMCOUGTGAGCTACCTAAT BTG TCOATCRACCET GG T TGTGLGOTCATTTGRACACTARCCTGTT CAAMMARCTELTGGCGOAAATE 1900
pArgAspVallyaArgValGlyTyrLeuValValSerIleAspArgGlyLeuCyeGlyGlyLeuAanThrasnLeuPheLyslysLewlaudlaGluMe t

AAGACCTGGACCGACAAAGECGTTCATTCAACC TCOCAASGABLEGL TCRAAAGGACGT ETCGTTCTTCAAC GLCOTGRACBRLARTGTTTTGCCCASE 2000
LyaTheTrpTh LysGlyValli ThrSerlInGlyaladlaArglysAspValSerFhe PheAsnaAlaVal GlyGiyasnvalValAlaGiny

TCACC G&JTG&GGATMECCTTCCCTGTCCGMCTGA?CGGTCCGGTMMGTGATG‘?TGCAGGCCYACGACGAAGGECGTCTTTACMGCTTTACA? 2100
al ThrGlyMetClyAapAdanProSerLenSerluleulle(lyProVallysValMe tleuGinAlaTyraspsl uGlyArgLeuTyrLyaleuTyrll

TGTCAGCAACAMTT TATTAACACCATGTC TCABGTTCCRACCATCAGCCAGCTRC TRCEGTTACCBOCATCAGATGATEATGTTCTGAMCATAMTCE 2200
eValSerAsnLysFheIleAsnThrie LProThrlleSerGinLleuleuProleuProAlaSerispaspAspVal LeulysHieLyeS:

TOREATTACC TG TACGAACECOATCCGAAGRCGTTEC TGRATACCCTEC TGCATCETTATGTCOAATCTCAGETTTATCAGGGCOTRETTCARMCETEE 2300
TrpAsplyrleulyrGluProAspProlysAlaleuleuAspThrleuleudrgArg TyrVal CluSerCinVal TyrGInGly ValVal Clud snLeud

CCAGLGAGCAGRLCELCCCTATGT GO0 ATSAMAGC BL RACL GACAATEAC GGCABCETCATT ARAGACE TECAGACEGTAGACAACARAGETCETCA 2400
laserGluGlnAlaAlaArgMe tValAlaMe tLysALlaAlaThrAopAsnGly GlySerLeul leLysGluLeuGinThroValA apAsnLysAlaArgGl

GGCCAEA"ACTMWAETWCGAGATCGTCTCBMEBCCGCI:GCGGTTTMACAGETTATTTCBTAGA@'ITTA;GATGGCTACTGGAM(NTTE 2500
rAlaSeriteThriinGiuleuThrGiulleValSerGlydlaAlaklavalend MetAlaThrGlylysileV

TCCAGGTAATCGACGCCGTAGTTGACGTCGAATTC 2535
alGlnVallleGlyAlaValValAapVal GluPhe

Fig. 2 DNA sequence of the genes papA, papC and papB. The DNA sequence in the
antisense strand is shown with the deduced amino acid sequence. 207 base pairs
from the first letter in papA was previously determined(7). Deduced amino acid
residues different from those by Gay and Walker(13) and the Shine-Dalgarno se-
quence are underlined. An inverted repeat sequence between papA and papC is
shown by arrows.

from amino terminus. Residue 2-9 from the amino terminus deduced from the DNA

sequence were in complete agreement with residue 1-8 from Edman degradation.
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Table I

Amino Acid Composition of the a and y Subunits of E.coli F;

& subunit Y subunit
Amino Acid Predicted from Reported® Predicted from Reported®
DNA Sequence DNA sequence
moles/55,264 moles/31,387
Asn + Asp 44 43.2 28 29.1
Thr 23 22,6 14 12.0
Ser 32 33.4 20 18.7
Gln + Glu 59 60,3 30 29.3
Pro 18 19.2 10 9.8
Gly 47 49.7 20 20.1
Ala 57 61.7 29 27.3
Cys 3 3.6 1 2.3
Val 41 44.1 27 27.4
Met 11 9.5 11 11.6
Ile 40 37.3 12 13.5
Leu 47 47.4 28 29.6
Tyr 15 14.7 10 10.5
Phe 14 13.6 4 4,2
His 7 6.8 5 4.4
Lys 24 23.4 23 23.0
Trp 1 1.0 3 2.1
Arg 30 28.6 12 12.9

* Reported mole per cent values for the a (12) and y (14) were multipled by
513 residues for the o and 287 residues for the Yy, respectively.

Again, the predicted amino terminal methionine was absent. This result indicates
that the open reading frame codes papB.

Secondary structure of the o and y subunits. A possible secondary structure of

the o and Y subunits was estimated from the deduced primary structure by the method
of Chou and Fasman(15)(Fig. 3). The contents of « helix and B sheet are 46.4% and
19.1%, respectively, of total residues in the a subunit and 49.0% and 17.8%, re-
spectively, in vy subunit. These values are similar to average proteins{(a helix,
35%; B sheet, 15%)(16), and are in sharp contrast with those of the § subunit

(¢ helix, 61.0%) reported previously(8).

Codon usage in the genes for F,-F,. Uses of codons in genes for a, y, DCCD-bp,
and § are summarized in Table 2. Recently Grantham et al.(17) classified bacterial
messenger RNAs into two groups, those highly expressed and those weakly expressed

for protein synthesis. They showed that each type has a different codon usage
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Fig. 3 Putative secondary structure of the a and y subunits. The secondary
structure of a and v was estimated by the procedure of Chou and Fasman(15). Amino
acid residues are shown by single letter symbols(16). The o helix(A), B sheet(B)
and turn(T) are indicated under the amino acid sequence. Each « helical domain
ends one amino acid residue before the residue known to be a helix breaker.

(cited in Table 2). In comparison with these data, we found that the usages in
the papH and papA are similar to the highly expressed type and the usages in papC
and papE are similar to the weakly expressed type. The typical differences are
observed in case of ile, ala, ser, and leu. We also analyzed the relationship
between the frequency of the codon usage in these genes and the abundance of the
cognate transfer RNA according to the method of Tkemura(18)(Table 3). The analy-

sis indicated that papA and papH have pattern similar to the highly expressed
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Table 2
Codon Usage in the Genes for o, Yy, § and DCCD bp of

the Proton-translocating ATPase

DCCD bp « Y 8 high*  low** DCCD bp o Y 8 high* low*#*

Arg CGA 0 0 1 1 0 - Gly GGA 0 1 1 0 2 7
CGC 0 5 2 5 17 24 GGC 2 16 11 3 32 27

CGG 0 0 1 1 0 8 GGG 1 1 2 0 1 11

CGT 2 25 8 4 44 18 GGT 7 29 6 5 45 19

AGA 0 0 0 0 1 9 Val GTA 1 9 2 5 32 11
AGG 0 0 0 0 0 4 GTC 1 2 7 4 7 12

Leu CTA 0 1 0 0 0 5 GTG 2 6 9 2 14 19
CTC 1 4 1 4 2 12 GTT 1 24 9 5 34 20

CTG 12 37 18 8 58 39 Lys AAA 1 19 16 6 62 31

CTT 0 3 4 5 3 15 AAG 0 5 7 2 19 15

TTA 0 0 1 0 3 14 Asn AAC 1 14 9 4 39 15

TTG 0 2 4 1 3 10 AAT 1 2 3 2 3 18

Ser TCA 0 0 2 1 1 13 Gln CAA 1 4 3 4 8 18
TCC 0 16 4 1 16 10 CAG 1 24 13 5 28 29

TCG 0 1 5 1 3 14 His CAC 0 7 3 2 8 11

TCT 0 11 2 5 28 9 CAT 0 0 2 ¢ 10 20

AGC 0 2 6 1 10 9 Glu GAA 2 27 9 8 39 33
AGT 0 2 1 3 1 13 GAG 0 4 5 7 10 23

Thr ACA 0 2 0 0 4 6 Asp GAC 0 16 9 5 36 22
ACC [¢] 17 9 2 22 20 GAT 3 12 7 6 16 33

ACG 0 0 2 2 1 16 Tyr TAC 2 11 7 1 14 12
ACT 1 4 3 0 32 11 TAT 0 4 3 0 5 19

Pro CCA 0 3 2 1 5 9 Cys TGC 0 0 1 1 5 7
ccc 0 0 1 1 1 8 TGT 0 3 0 1 1 8

CCG 1 14 5 1 22 15 Phe TTC 3 13 3 0 15 19

CCT 3 1 2 0 5 6 TTT 1 1 1 6 5 29

Ala GCA 1 20 5 6 43 21 - Ile ATA 0 0 1 0 2 8
GCC 1 8 13 7 13 27 ATC 7 30 6 4 42 22

GCG 5 12 8 7 21 26 ATT 1 10 5 6 17 30

GCT 5 17 3 7 65 16 Met ATG 8 11 11 7 19 25

Trp TGG 0 1 3 1 5 16

The numbers following the codons for the indicated amino acids are the number of times the codons
are used in the sequence shown in Fig. 2 and reported previously(7,8). High* and low* indicate
codon usages of highly and weakly expressed types, respectively, of bacterial genes reported

by Grantham et al.(17). For details, see the text and the reference(l7).

type, while the papC and papE are similar to weakly expressed type. This analysis
suggested how a single polycistronic message can be translated into a variable
number of subunits, although such translational control may not be sufficient to
account for the exact stoichiometry of a:y:8:DCCD-bp=3:1:1:6(1).

Flanking sequences and gene expression. No usual promotor-like sequence(1l9) was

observed in the non-coding regions between papA and papC and between papC and
papB, suggesting that synthesis of the vy and B subunits may not be regulated trans~
criptionally. However, the intercistronic sequence between papA and papC(49 base

pairs) is longer than those between papF and papE(14 base pairs), papE and papA
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Table 3

Relationship between the Codon Usage and Abundance of Cognate Transfer RNA in
the Genes for a, v, § and DCCD-bp: Analysis with Linear Regressionm.

Gene Correlation coefficient Slope y Intercept
papH (DCCD-bp) 0.57 7.68 -0.61
papA (o) 0.93 8.07 -1.51
papC (y) 0.86 5.20 +0.50
papE (§) 0.72 5.08 +0.38
high* 0.95 8.10 -1.26
lowk* 0.81 3.34 +1.43

The frequency of the codon usage in the genes for a, y, § and DCCD-bp along with
the weakly expressed type(low*) and highly expressed type(high#**)(Table 2) and

the transfer RNA abundance were plotted according to the procedure of Ikemura(18).
The relationship of frequency and abundance could be expressed by y = a + bx(the
amount of transfer RNA=x, the frequency of the RNA usage=y; x values are from
reference(18) and y values are given from Table 2). The values a and b correspond
to the y intercept and slope, respectively. Large value for the slope and negative
value for the y intercept indicate that a gene uses an abundant type RNA more fre-
quently. The correlation coefficient for papH is lower than that for other genes
consistent with the large number of DCCD-bp's found in Fo-F1 relative to other
subunits.

(12 base pairs)(8) and papC and papB(26 base pairs), suggesting that unknown

regulatory site(s) may exist between papA and papC. In this connection, it should

be noted that an inverted repeat sequence exist in this region(Fig. 2).
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