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SUMMARY : The 1763 nucleotide-long-DNA sequence of part of the gene cluster for 
the proton-translocating ATPase from E. coli was determined. The sequence covers 
the genes for the a and b subunits of Foxng with the intercistronic regions. 
In the region preceding the gene for the a subunit, a reading frame encompassing 
127 amino acids was found. The primary structure of the a and b subunits were 
deduced and the properties of these proteins were predicted. Analysis of codon 
usage in these genes was made. 

The proton-translocating ATPase, Fo-FI, of e. coli catalyses the synthesis of 

ATP utilizing the proton gradient established by the respiratory chain(l-3). The 

membrane peripheral portion, Fl, has the catalytic site and 5 subunits(a,$,y,6 

and E). The intrinsic membrane portlon, Fp, was purified recently and found to 

have 3 subunits(a,b,c)(4,5). We have determined the DNA sequence of the genes 

for a, y, 6 and c subunits and part of the genes for 8 and b subunits(6-8). In 

the present study, we determined the 1763 nucleotide-long-DNA segment of the genes 

for the Fg. The primary structures of the a(30,258 daltons) and b(17,233 daltons) 

subunits were deduced from the DNA sequence. An open reading frame encompassing 

127 amino acids was found before the gene for the a subunit, suggesting that the 

FO-F1 may have a ninth component. The significance of the intercistronic sequences 

in the gene cluster and codon usage in the genes for the a and b subunits are 

discussed extensively. 

Abbreviations used: tRNA, transfer RNA; F o-. 1, peripheral and integral portions of F 
proton-translocating ATPase, respectively; a, b, and c subunits, the subunits of 
Fo in the order of decreasing molecular weight, The subunits a, b and c were called 
24K, 19K(or 18K) and 8K, respectively, in previous publications(4-8). The c subunit 
is also known as DCCD(dicyclohexylcarbodiimide)-binding protein(l,2). 
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&4TERIALS AND METHODS 

Preparation of DNA fragments and DNA sequencing. Hybrid plasmids pMCR533(9), 
pATl(lo pKT159-16(constructed by K. Yamaguchi) were used in this study. Each 
plasmid covers a different portion of the gene cluster for FO-FI(Fig. 1). DNA 
fragments were prepared from these plasmids. They were labeled at the 5' end by 
T4-polynucleotide kinase with 32P-y-ATP. The DNA sequence was determined by the 
method of Maxam and Gilbert(U) All the reagents used and other methods were as 
described previously(6-8). 
Genetic complementation. The E. coli strains used were obt8ined from B. J. 
Bachman@. coli Genetic Stock center): AN719, uncB402; AN1419, uncF469; AN936, 
uncE429(12).ansfozmation of these mutants with plasmids was carried out as - : 
described(g). 

RESULTS AND DISCUSSION 

Organization of the genes for F9 components. Downie et al. showed that the -- 

uncB402, uncF469 and uncE429 mutations affected a, b, and c SUbUnitB of Fg, re- - - 

spectlvely, and suggested that genes were arranged in this order(l2). However, 

the order of uncF and uncE was not demonstrated conclusively. We performed genet- - - 

ic complementation between the mutants and a hybrid plasmid pKU59-16 carrying 

the DNA segment of 1898 base pairs extending from the Hind111 site to the HaeII 

(I&I) site(Fig. 1). The uncB402 and uncE429 mutations were complemented by this 

plasmid, while uncF469 was not complemented, suggesting that the uncF locus exists 

downstream from uncB and uncE. The DNA sequence for the c and 6 subunits were de- - - 

termined(6,7)(Fig. 1). Thus we could conclude the gene order as uncB(a), uncE(c) - - 

and uncF(b)(Fig. 1). 

Primary structure of the b subunit deduced from the DNA sequence. We prwiously 

reported the DNA sequence of 78 base pairs coding the carboxyl terminal portion 

of b subunit(7). Here, the 1763 base pairs upstream from the carboxyl terminal of 

this subunit were determined including the sequence for the c subunit previously 

described(6)(Fig. 2). Three new open reading frames were found in the determined 

sequence. An open reading frame adjacent to the amino terminal end of the gene 

for 4 subunit starts at position 1614 with the initiation codon GTG and ends at 

position 2084. This open frame encodes a protein of 156 amino acid residues(17,233 

daltons). This agreed well with the protein chemical data of 19,000 dalton protein 

(4): residues l-15 from the amino terminus were identical to the residues deter- 
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Fig. 1 Organization of the genes for Fo-FI and strategy of DNA sequencing. 
The direction of the transcription of the gene cluster is shown at top. The 
coding frame for each gene with its new nOTi?enClatUre(~)(6)(&=unCB, papH=uncE, 
papF=uncF) and coding subunit is shown above the DNA. The coding f= showa by 
the solid bar indicates regions in which DNA sequence was determined in the pre- 
sent study or previously. Cleavage sites by endonucleases are shown as follows: 
E, l&RI; H, RldIII; B, *HI; Hh, l&I; T, TaqI; He, HaeII. The cleavage maps 
with BpaI, WI, R&fI, A&I, I&III, %I and HpaII ar=lso shown. Arrows indi- 
cate the sequenced DNA segments with its direction and approximate length. DNA 
fragments were prepared from plasmid pMCR533, pAT1 and pIZT159-16, which cover the 
regions shown. pRT159-16 is a derivative of PRY159 with insertion between the Rae11 
site(470 base pairs upstream from Hind111 site(position 108)) and the Hind111 site 
(position 108). pRT159 was construzd by ligating a E. coli DNA segmezsxtending -- from the HaeII site(470 base pairs upstream from the Hind111 site) to another HaeII 
site(2008)nto Rae11 site of pBR322(K. Yamaguchi, unslished result). 

- 
- 

mined by Edman degradation*. The content of polar residues in this protein(48.1%) 

is similar to that of soluble proteins(47 + 6%)(11)(Table 1). Eowever, it should 

be noted that hydrophobic domains were found near amino(ll-33 residue) and carbo- 

xy1(124-132 residue) terminus(Fig. 3), suggesting that these portions are inte- 

grated into the membranes. 

Primary structure of subunit a deduced from the DNA sequence. An open reading 

frame was found before the amino terminus of c subunit. Possible initiation codons 

were found at positions 451, 466, 535, 586 and 598(Fig. Z), while only one ter- 

*Fillingame, R.H., Peters, L.K. and Hermodson, M., in preparation. 
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Fig. 2 DNA sequence of the genes coding for the a, b and c subunits along with 
the flanking regions. The DNA sequence in the antisense strand is shown with the 
deduced amino acid sequence. The sequences 1313-1555 and 2007-2107 were reported 
previously(6,g). Sequences similar to a Pribnow box(l7) are at Atposition 227), 
B(1287) and C(l580). An open reading frame(59-442) coding for a putative protein 
is shown with the deduced amino acid sequence. A Shine-Dalgarno sequence(l4) is 
underlined. 

mination codon was found at position 1266. A ribosome binding site (Shine-Dalgarno 

sequence(l4)) was found before ATG(position 451). We beliwe that the open reading 

(451-1266) codes for the subunit a. The molecular weight calculated from the pri- 

mary structure(30;258) is somewhat higher than that obtained for the a subunit 

by gel electrophoresis(4,15). Protein chemical studies of subunit a are essential 

for understanding this discrepancy. The protein a seems to be highly hydrophobic 
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Table I 

Amino Acid Composition of the a and b 
subunits of E. co11 Fg -- 

Amino Acid 
Subunit a Subunit b 

Predicted Mole Predicted Hole 
Residues Percent Residues Percent 

Ser 18 6.64 5 3.21 
Thr 12 4.42 3 1.92 
HiS 7 2.58 1 0.64 

P Gln 6 2.21 10 6.41 
Glu 8 2.95 17 10.9 
Aan 13 4.80 5 3.21 
ASP 8 2.95 9 5.71 
LYS 10 3.69 15 9.62 
Arg 5 1.85 10 6.41 
Sub-total 87 32.1 75 48.1 

-------------_--------___-____-----____-----____-----_--------- 
Phe 20 7.38 4 2.56 
Leu 44 16.2 14 8.97 
Ile 24 8.86 11 7.05 

NP Met 11 4.06 3 1.92 
+ Val 23 8.49 10 6.41 
IM Pro 14 5.17 2 1.28 

Ala 17 6.27 31 19.1 
3r 6 2.21 1 0.64 
CYS 1 0.37 1 0.64 
TrP 7 2.58 1 0.64 
'=Y 17 6.27 3 1.92 
Sub-total 184 67.9 81 51.9 
Total 271 100 156 100 

Polar amino acids (P) are according to Capaldi and 
Vanderkooi 431. NP, Non-polar amino acids; IM, Inter- 
mediate amino acids. 

(32.1% polar residues)(Table 1), and has striking similarity to that of Fg protein 

of yeast Fo(16). 

An open reading frame encompassing 127 amino acids. In the region preceding the 

gene for subunit a, we found an open reading frame(position 59-442) encompassing 

127 residues(30X polar residues). A possible initiation codon was also found at 

position 71. In both cases, a Shine-Dalgarno sequence(l4) was found within rea- 

sonable distance from the possible initiation codon@ig. 2). It is too early to 

conclude whether this frame codes for a real subunit of Fo-Fl, because active 

Fo-F1 does not contain a subunit of similar molecular weight(C,15). 

Within this open reading frame a promoter-like sequence was found: Pribnow box 

(17) starts from position 227,and "-35 region" has a similar structure to the 
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A ~.~L~A~ILGqnIAFVLFVlFCM~YMlPRL~F~~ADGLASAE~HKDLDLA~~A~L~~~VllA~ANKRRSQiL~~KAEAEQERTK 100 -- 

IVA~~A~I&AERKRAREELRK@'AILAVAGAEJNIE&VDEAANSDIV~LVA~L 156 

6 MASENMTP~lIW1HLNNL~LDLRTFSLV~P~PPATNTINIDSMFF~VVLGLLFLVLFRSVAK~TSGVPG~F~l~LVIGFVNGSVKDMYHGKSKL -- -- --- - --- - -- --- -_ 100 

l * l *** 

~AP~L~IFVWVFL~~M~LLPI~LLPYIA~VLGLPAL~VVPSADVNVTLS~LGVFILILFYS_I~M~GIGGFTKELRCSTFNHWAFIPV~LILEGvSL ----- ---- - 200 - 
l * 

L~PV~L~~LFG~MVAG~LIFIL~GLLPWW~WIL~VPWAIF~ILII~L~AFIFMVL~IVYL~~SEEH 271 

l ***** l l * l l f  **** ** l t  ** t t  l t  l 

C MF~LL~YI~PL~F~I~LLFGLNSSFIDLSCLNLTTFSLYTIIVLLVI~LVLLTNNNNKIIG~WLI~A~Y~IINMLKGQIGG~WGLYFPMIF 100 - -- --- - - -- 
* l l *** 

~LFMF~FIA~L~~M~~Y~FALSAHLVFI~~L~I~IWLG~ILGCY~GUVFF~LF~PAG~~L~L~PLL~IMETL~Y~A~ISLGLRLGSN~LAG~LLMVI 200 -- -- -- -- -- 
** l tt*t* * l * f  l 

LA~LF~F~I~LF~LVFGFVPLAMILAIMIL~FAIGIIqlVVWLILTASYLKDTLYL~ 259 -- - 
**t*t l * t  * l t  t* t t  l 

Fig. 3 Distribution of polar amino acids in the primary structures of the a 
and b subunits of Fo. Amino acid residues are shown by single letter symbols(y). 
Polar amino acids are defined according to Capaldi and Vanderkooi(l3) and under- 
lined. Stars indicate the homologous residues in the subunit a of E. coli Fe(B) 
and FB ofst mitochondrial Fo(C)(16). Homologous residues are alsoxerved in 
F6 of human mitochondria(20). but the extent of homology is smaller(data not shown). 
A long hydrophobic domain appears at the carboxyl terminal region in all three cases. 
A, Subunit b of E. coli. B, Subunit a of E. coli. C, FB of yeast mitochondria(l6). -- -- 

typical promoter(CTG instead of TTG, position 201-203). In the present study we 

found no promoter sequence within 58 base pairs upstream from the putative ini- 

tiation codon at position 59. Thus, the real promoter of the gene cluster is not 

certain at present. 

Intercistronic sequence and codon usage. The intercistronic sequences between the 

genes for the a and c subunits and the c and b subunits are 46 and 59 base pairs, 

respectively. Promoter-like sequences were observed in these regions(Fig. 2). How- 

ever, they were not identical to previously reported promoter sequences(l7). 

Usages of codons in the a and b subunits were shown along with those of highly 

and weakly expressed bacterial messenger RNAs(18). The codon used for the a and 

b subunits are similar and had a pattern intermediate between those of highly and 

weakly expressed type. For instance, codons used for ala and ser are similar to 

those in the weakly expressed type, whereasthe codons for leu are similar to those 

in the highly expressed type. We analyzed the correlation between the codon usage 

and the frequency of cognate tRNA as described by Ikemura(19). The correlation 
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Table 2 

Codon Usage in the Genes for a and b subunits 
of E. 9 FO 

AA codon a b high* low** AA codon a b high* low** 

Arg CGA 1 1 0 
CGC 1 2 17 
CGG 0 0 0 
CGT 3 7 44 
AGA 0 0 1 
AGG 0 0 0 

Leu CTA 0 0 0 
CTC 1 1 2 
CTG 34 7 58 
CTT 2 5 3 
TTA 3 1 3 
TTG 4 0 3 

Ser TCA 3 0 1 
TCC 2 2 16 
TCG 3 1 3 
TCT 3 0 28 
AGC 7 2 10 
AGT 0 0 1 

Thr ACA 2 1 4 
ACC 3 1 22 
ACG 7 0 1 
ACT 0 1 32 

Pro CCA 4 1 5 
ccc 1 0 1 
CCG 6 1 22 
CCT 3 0 5 

Ala GCA 2 6 43 
GCC 6 7 13 
GCG 5 9 21 
GCT 4 9 65 

24 
8 

18 
9 
4 
5 

12 
39 
15 
14 
10 
13 
10 
14 

9 
9 

13 
6 

20 
16 
11 

9 
8 

15 
6 

21 
27 
26 
16 

Gly GGA 1 0 2 7 
GGC 6 3 32 27 
GGG 1 0 1 11 
GGT 9 0 45 19 

Val GTA 6 2 32 11 
GTC 3 2 7 12 
GTG 9 4 14 19 
GTT 5 3 34 20 

Lys AAA 7 10 62 31 
AAG 3 5 19 15 

Asn AAC 6 4 39 15 
AAT 7 1 3 18 

Gln CAA 2 2 8 18 
CAG 4 8 28 29 

His CAC 4 0 8 11 
CAT 3 1 10 20 

Glu GAA 5 13 39 33 
GAG 3 4 10 23 

Asp GAC 5 8 36 22 
GAT 3 1 16 33 

Tyr TAC 4 1 14 12 
TAT 2 0 5 19 

Cys TGC 1 ; 5 7 
TGT 0 0 1 8 

Phe TTC 17 3 15 19 
TTT 3 1 5 29 

Ile ATA 1 0 2 8 
ATC 13 8 42 22 
ATT 10 3 17 30 

Met ATG 11 2 19 25 
Trp TGG 7 1 5 16 

The numbers following the indicated amino acids (AA) are the number of times the 
codons are used in the sequence shown in Fig. 2. high* and low** indicate the 
highly expressed type and weakly expressed type, respectively, in the translation 
of bacterial messenger RNA classified by Grantham gt d(lg). 

could be expressed by y = a + bx(the amount of tRNA, x(19); the frequency of XRNA 

usage, y(Table 2)). Correlation coefficients given by the analysis were 0.62 and 

0.75 for a and b subunits, respectively, These values were lower than those for 

a(0.93) and y(O,86)(8). The values of bare 5.40 and 6.63 for the a and b subunits, 

respectively. The values of a are +0.60 and -0.49 for the a and b subunits, res- 

pectively. These values of 5 and b compared with those for a(==-1.15, @S.O7) and 

~(-0.61, 7.68)(8) suggest that the a and b subunits are more weakly translated 

that the a and c subunits. The values of 2 and b for the a subunit are close to 

those for y(+0.50, 5.20), suggesting that the a subunit may be translated with 
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efficiency similar to that of y. The values for the b subunit suggested that this 

protein may be translated more efficiently than subunit a. 
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