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Abstract 

Subunit interactions among the FI-ATPase subunits were studied by the yeast two-hybrid system. Various pairwise combinations of 
genes encoding a . .8 .  2'. ~ and • subunits of Escheri¢'hkt coli l'l+-ATPase fused to the DNA-binding or activation domain of the yeast 
GAL4 gene were introduced into yeast and expression of a reporter gene encoding .8-galactosidase was detected. Combinations of the ot 
and /3 subunit genes, and of the • and ~, subanit genes showed high levels of reporter gene expression, while those of ot and 8./8 and 
,5. ~, and 6, and ~ and • demonstrated weak but significant reporter gene expression. However, combinations of ot and %/3  and 7. ot 
and ¢, and p and • did not induce reporter gene expression. None of the fused genes alone induced reporter gene expression. These 
results suggested that specific and strong interactions between the ot and .8. "y and ¢, and weak interactions between the ~t and 6, .8 and 
~. and "y and ~ subunits occurred in yeast cells in the two-hybrid system. Effects of previouly identified mutant ,8 subanits with Leu-40 
to Pro. Glu-41 to Lys or Pro-332 to Gin subsitutions which caused defects in molecular assembly of F~-ATPase were analyzed with 
regard to or-.8 interaction. No interaction of the ot and .8 subunits was observed in this system using the /3 subunit with mutation of 
Pro-332 to Gin. However. for the other two mutations, a-.8 interactions were observed. This system may be useful for isolating mutants 
which have defects in interaction of Ft-ATPase subunits. 
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1. Introduction 

The proton-translocating ATPase plays a central role in 
the energy transduction system in living cells [ I -6] .  This 
enzyme synthesizes ATP by utilizing proton gradients 
across energy transducing membranes such as those of 
mitochondria, chloroplasts, and bacterial cytoplasmic 
membranes formed by respiration or photoreaction. This 
enzyme from Escherichia coil has a similar structure to 
those of the higher organisms and is composed of two 
distinct entities. F, and Ft~. The F, is a membrane periph- 
eral portion with five subunits, a ,  /3, % 6, and e in 
3 : 3 : h h l  stoichiometry, and forms the catalytic portion. 
The /3 subunit contains the catalytic center and the ot/3-y 
complex has the minimum core required for catalysis in E. 
coil [7]. F o is a ntembmne integral portion with three 

Abbreviations: Fi-ATPase. F I sector of the pmton-transka:ating AT- 
Pate. FtFo. 
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subunits, a, b and c, and Iorms a proton channel. The 
primary structures of the whole subunits were deduced 
from the nucleotide sequences of the genes from E. coil 

[ I -6 .8]  and other species [9]. 
Based on the complex structure of this enzyme with 

three sets of catalytic /3 subunits and extensive kinetic 
analyses of nucleotide binding, alternating binding of the 
substrate to these sites was proposed [10]. Recent X-ray 
crystallographic data of the or/37 complex from bovine 
mitochondria supported this proposal and further suggested 
that dynamic rotation of the o~/3 portion around the 7 
subunit might occur [I I]. Therefore, the subunit interac- 
tions among the F~-ATPase subunits may play important 
roles in the catalytic mechanism. Identification of interact- 
ing residues among the subunits is a prerequisite to under- 
stand the dynamic interactions of the subunits. Further, the 
dynamic interactions of the subunits should be clarified at 
the level of amino acid residues. Although X. ray crystallo- 
graphic data have been reported, information is available 
only for the o~ and /3 subunits and a portion of the ",/ 
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subunit, and is informative only for static relationships 
among the interacting residues. Genetic and biochemical 
approaches are still important in order to gain a complete 
understanding of the subunit interactions. 

Chemical cross-linkage data for the F I F 0 subunits have 
been reported [12-14]. but these data were too complicated 
to allow analysis of the interactions between two subunits, 
and caution is required in interpretation of the results 
because chemical modifications of amino acid residues 
including cross-linkage often cause artificial distortion in 
the target subunits, in vitro analyses of two-subunit inter- 
actions have also been reported [15]. but the procedures 
required for such studies are time-consuming and binding 
condition~ are not necessarily the same as those encoun- 
tered physiologically. The yeast two-hybrid system for 
detecting protein-protein interaction developed by Fields 
and Song [16] is widely applicable for analysis of biologi- 
cally important protein interactions [t7]. This system may 
be useful for basic analysis of subunit interactions between 
two subunits of the F~-ATPase because the interactions are 
easily detected under physiological conditions and. further- 
more, this system is amenable to genetic analysis. In the 
present study, we investigated two-subunit interactions 
among the FrATPase subunits a .  /3. y. 6 and ~. 

sites of the /3 subunit gene in a pGBT9 derivatives carry- 
ing the wild-type gene for the/3 subunit. For the mutant/3 
snbnnit with Pro-332 to Gin substitution, the Styl-BamHl 
fragment was recoverd from the fl subunit expression 
plasmid pRM21 and replaced by the corresponding region 
in pGBT9 with the wild-type/3 gene. 

2.3. Assay of the reporter gene 

The expression plasmids were introduced into yeast 
SFY526 by the lithium acetate method as described previ- 
ously [16,36-38]. Transformants were ~leeted by cell 
growth in SD medium with no Leu and/or  Trp supple- 
mentation. The selected transformants were grown in 5 ml 
of SD medium and harvested at the logarithmic phase of 
growth. The harvested cells were suspended in Z buffer 
(60 mM sodium phosphate, pH 7.0. l0 mM KCI, I mM 
MgSO 4) and disrupted by freeze-thawing once. An aliquot 
of this extract was used for the/3-galactosidase assay using 
o-nitrophenyl fl-galactoside as the substrate. The specific 
enzyme activity is presented in Miller units [27]; the 
optical density at 420 nm of o-nitrophenol released by the 
enzyme was normalized by Lhe cell density measured 
photometrically at 600 nm. 

2. Materials and methods 
2.4. ATPase assay and immunological detection of the 
and/3 subunits 

2.1. E. coli and yeast strahls, and culture media 

E. coli DK8 (AuncB-C. ilr::Tn lO ) [18]. JPI7 ( AuncD. 
argH. pyrH, entA. recA::TnlO) [19]. KM230 (thy. thi, 
a~n) [20], JM 103 [2 I] and yeast SFY526 (MATa. gal4-542. 
ga180-538.URA3::GALI-lacZ can ~. nra3-52, his3-200. 
ade2-101,/3:~2-801, trpl-901.1e,2-3. 112) [16] were used. 
E. coil cells were grown in LB medium or in minimal 
Tanaka medium [20] at 37°C with vigorous shaking. Yeast 
cells were grown in YPD medium or minimal SD medium 
[16]. 

E. coil cells grown in Tanaka medium supplemented 
with glycerol were disrupted using the French press system 
and the membranes were prepared by centrifugation as 
described previously [26]. Fi-ATPase activities in the 
membrane fraction were assayed according to a colori- 
metric procedure as described previously [26]. Membrane 
proteins were separated by SDS-polyacrylamide gel elec- 
trophoresis and blotted onto GVHP filters [23]. The a~ and 
/3 subunits on the filters were reacted with specific mono- 
clonal antibodies and visualized as described previously 
[23]. 

2.2. Constrnction vf  plasmMs 2.5, Other proced~tres 

The coding sequences for the tr. /3, "y, 8 and e subunit 
genes were obtained from the previously reported expres- 
sion vectors derived from pET plasmids [22-25]. The 
coding sequences in tile plasmids were recovered after 
digestion with Ncol, end-filling with Klenow and then 
cleaving with BamHl. The coding sequences thus gener- 
ated were inserted into the unique Sinai and BamH1 sites 
in pGBT9 carrying the DNA-binding domain or pGAD424 
carrying the activation domain, respectively, of the yeast 
GAL4 gene. The DNA fragments containing the mutation 
sites of the mutant /3 subunit genes. /3 Leu-40 to Pro. and 
/3Glu-41 to Lys cloned on pKM06 [26] were recovered 
from the plasmids after digestion with Narl and Sacl. The 
DNA (ragments were then inserted into the Narl and Sad  

in the plasmids for expression of the fusion proteins, 
the sequences at junctions of the two genes were con- 
firmed by dideoxy sequencing using [atJsS]dCTP [28]. 
Proteins were determined according to a published proce- 
dure [29]. DNA manipulations such as ligation, preparation 
of DNA. and agarose gel electrophoresis were performed 
according to published procedures [30]. 

2.6. Enzymes and reagents 

Restriction endnucleascs, T4 DNA ligase and Klenow 
polymerase were purchased from Toyobo Co., Takara Co., 
or New England Biolabs. [a-~SS]dCTP (37 TBq/~mol)  
was purchased from New England Nuclear Co. Other 
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reagents used were o f  the highest grade commercial ly 
available. 

3. Results 

3.1. Cmtstruction of plasmids for the yeast two-hybrid 
system 

The genes encoding the a, r ,  % 6, and • subunits 
were cloned previously between Ncol and BamHl restric- 
tion sites in the expression plasmid pET3d. The plasmids 
carrying these genes were digested with Ncol,  and the 
cohesive ends thus generated were filled in with the Klenow 
fragment o f  DNA polymerase !. Then, the digested plas- 
mid DNAs were digested again with BamH1, and the 
coding sequences o f  the genes were purified by agarose 
gel electrophoresis. These DNA fragments were inserted 
into unique Sinai and BamHl sites in plasmids pGAD424  
or  pGBT9 carrying the activation domain or the DNA-bi-  
nding domain,  respectively, o f  the yeast G A L 4  gene. 

3.2. Expression of the reporter gene with t'arious combina- 
tions of the a and/3 fusion genes 

Formation in vitro o f  a stable complex o f  the a and /3 
subunits o f  E. coil has not previously been reported. 
although these subunits interact in the Ft complex as 
shown by X-ray crystral lography [I 1] and chemical cross- 
linkage experiments [12]. We first investigated the interac- 
tion o f  these subunits in the two-hybrid system. Expression 
o f  the reporter gene, /3-galactosidase,  was  asxayed in yeast 
cells carrying combinations of  the derivatives o f  the two 
plasmids pGAD424  and pGBT9 containing the a or /3 
subunit genes. The reporter gene was expressed when both 
subunit genes were present, but not with one o f  the 
subunits alone (Tab!e I). When we changed the fusion 

Table I 
Imemction of the c and/3 fusion proteins in the yea.st two-hybrid system 

Fusion proteins []-Galactosida~ 
activity 

GAL4 bd-/] + G A L 4  ad-t~ 4.4 ± 0.4 
GALA- bd-/3 + GALA ,~! 0.2 
GAL4 bd + GAL4 au-a 0.1 
GALA bd.a +GALA ad-/~ 4.2±0.6 
GALA bd-a +GAL4 ad O.I 
GALA bd 4- GALA ad-l/ O. I 
GALA bd +GALA ad 0.1 

The expression plasmids caro'ing the genes for the indicated fusion 
proteins were eotransfected into yeast ~train SFY526 [16J by the lithium 
acetate method [ 16.36-381. Trausfomtants were ~leeted by plating onto 
SD medium lacking Trp and Leu. Transformaots which contained both 
plasmids were grown to the mid-log phase of cell growth in SD medium 
lacking Trp and Leu and then assayed for/]-galactosidase activity, shown 
here in Miller units 127l. The activity values are averages of three 
independeut experiments, bd. binding domal, of GALA: ad. activation 
domain of GAL4. 

Table 2 
ATPase activities on membranes from the /3 subenil mutants 

Plasmid ATPase activity (%) 

pST03/3 (wild-type) 1(30 
pSTO3 (no/3 ) 0.3 
L40P 5.0 
E41K 0.9 
P332Q 1.2 

Membranes were prepared from the transformants of/t.less mutant JP 17 
with the expression vector plasmid of the /3 subunit (pST03~) [26] 
carrying the various mutations. FrATPase activity was assayed by a 
colorimetric procedure as described previously [26l. 4.0 U/rag of the 
membrane protein was taken as 100%. Amino acid residues are pre~nted 
as single-letter abbreviations. 

partner o f  the ot and /3 subunit genes, the same results 
were obtained (Table I). These results indicated that inter- 
action of  both subunits occurred in yeast cells without the 
3' subunit  

3.3. htteraction of mutated [3 subunits with the wild-o,pe ot 

submtit detected by the two-hybrid system 

We then assessed whether mutant /3 subunits, which 
cause assembly defects in the Fj complex on the mem- 
branes, interact with the ot subunit in this system. Here, 
we analyzed three mutant /3 subunits with Leu-40 substi- 
tuted by Pro, Glu-41 substituted by Lys, or Pro-332 substi- 
tuted by Gin. As reported previously [26], the former two 
mutants showed very low ATPase activity and low levels 
o f  the ot subunit on the membranes (Table 2 and Fig. l), 
while the same amounts o f  a and /3 subunits as the 
wild-type were observed in total cell extracts [26]. The /3 
subunit mutant with substitution o f  Gin for Pro-332 iso- 
lated previously (Shin and Kanazawa, manuscript in prepa- 
ration) also showed low ATPase activity and very low 
levels o f  tx and /3 subunits on the membranes (Table 2 
and Fig. I), while amounts o f  both subunits equivalent to 
those of  the wild-type were observed in total cell extracts 
(data not shown). This mutant /3 demonstrated very weak 
interaction with the ot subunit as detected by /3-galacto- 
sidase expression (Table 3). However,  the mutant /3 with 
Leu-40 to Pro or Glu-41 to Lys substitution exhibited 

1 2 3 4 5 

(Y-,~. ~ (X-lb . . . .  

6 7 

134~ / 

Fig. I. Immunological detection of the a and /3 subunits on E. co// 
membranes. Aliquo!s of 5 ttg of membrane proteins were applied to 
SDS-PAGE and blotted eloctrophoretically onto GVHP filters. The tx and 
/3 suhunils were probed with specific respective monoclonal antibodies. 
Lanes I and 5. pSTO3b (wild-type); lanes 2 and 6. pST03; lane 3, 
pS'f03b-L40P: lane 4. pSTO3b-FAIK: lane 7. pST03b-P332Q. Amino 
acid residues are presented as single.letter abbreviations. 
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Table 3 
Interaction of the wild-type or mutant fl subunit with the a subunit in 
the yeast two-hybrid system 

Fusion proteins fl-Galaetosida.se 
activity 

GAL4 bd-/3 (wild-type) + GAL4 ad-a 4.5 + 0.4 
GAL4 bd-~ L40P + GAL4 ad-a 7.9 + 1.8 
GAL4 bd-fl E41K +GAL4 ad-a 8.7+ 1.2 
GAL4 bd-/~P322Q+GAL4 ad-a 0, I 
GAL4 bd + GALA. ad O. I 

combinations o f  the a and 8. /3 and 8.  3' and 8.  and 8 
a~d e subunits. Interaction of  the a and /3 subunits w,,s 
detected even when :he fusion partners of  these subunits 
were changed (Table I). However.  for the weaker binding 
combinations, only one partner for fusion showed positive 
binding (Table 4). 

4. Discussion 

The mutant ,8 subunits were fused with the DNA-binding domain of 
GAL4. The wild-type or  mutant fl fusion plasmid amd the a fusion 
pl~L, imid were cotmnsfected into SFY526. fl-Galactosidw, e activity was 
determined as described in the faomote to Table I. The mutant fl 
subunits fused to bd or ad alone gave the same levels of/3-gal.zclosidase 
expression a.s those for bd or ad alone shown in Table I. 

rather higher expression o f  /3-galactosidase (Table 3). 
suggesting an unexpected interaction o f  the mutant /3 and 
the wild-type a subunit. 

3.4. htteraction o f  two F t submdts  

All pairwise combinations o f  the two subunits from 
F r A T P a s e  were tested in terms of  lhe subunit interaction 
by the two-hybrid system. Besides a and /3. the combina- 
tion o f  3' and ~ yielded strong expression of  the reporter 
gene. indicating that this subunit interaction is stable. A 
weak but significant interaction was also observed tbr 

Table 4 
Subunlt interactions in F I-ATP synthase detected by Ihe ~,ea~.t two-hybrid 
system 

Fusion protein /3-Galactosidase 
activity 

GAL,-I. ad-a +GAL-]. bd-/J 4.¢)_+1).4 
y O 
y "  0 

1.7_+0.3 

" n 

GALA aa-fl +GALl bd-), 0 
y " 0.I 

6 1.7 .+_ 0.2 

f$ " t).l 
~ n 

" I ) . l  

GALl ad-y + GAL4 bd-~5 1.8 + n.2 
6 "  t} 

e () 

" 6.9 _+ 0 .4  

GALl ad-r$ +GAL4 hd-~ () 
" I . I  _+ ( ) . 2  

Asterisks indicate reverse combinations of the fusion partner. /3-Galacto- 
sidase activity was assayed and the activities are expressed as described 
in the ftmmote to Table I. The 7. r5. or ~ suhunit I'u,~ed to ad or bd alone 
gave the same levels of /3-galactosidase expression as those of ad or bd 
alone shown in Table I. 

A previous stud), by Ads  and Simoni [12] using cross- 
linkage analysis indicated a close association of  the a - f l ,  
a - y .  a - &  /3- 7 .  /3-8. y-8 .  and 7-•  subunits within the Fi 
complex. Other  reports have described cross-linkages be- 
tween the /3 and e [35] a~ad the a and • subunits [33]. 
lmeractkm of  the 8 and e sabuaits  has also been described 
by Penin et al. [32] with circi.,lar dichroism and intrinsic 
fluorescence chattges. These previous observations sug- 
gested teat for any combinations of two subunits, subuait  
interactions occur  within the F r A T P a s e  complex. How- 
ever. in vitro stable interactions of  pairs of  F~ subunits was 
reported only lor  a combination of  3' and e subunits [151. 
These discrepancies between the results obtained by 
cross-linkage experiments and in vitro binding assays raise 
two possibilities: ( ] )  cross-linkage might cause artificial 
associations for some combinations o f  the F I subunits: (2) 
in vitro condilions for two-subunit binding are very differ- 
ent fiom those in vivo and interactions may not have 
occurred. The experimental conditions lbr  the two-hybrid 
system are obviously different from those used tbr cross- 
linkage and in vitro binding experiments and have advan- 
tages in that direct interactions between pairs of  F~ sub- 
units can be observed without any influence o f  other 
subunits. 

Here. we detected in the two-hybrid system interactions 

between a a n d / 3 .  3' and e. a and 8 . / 3  and 8. and 3' and 
~i. which except for the 3' and • inter'action were not 
observed by in vitro binding experiments. However.  inter- 
actions with combinations o f  the a and 3'. /3 and 3'. a 
and • .  and /3 and • .  subunits which were observed in 
cross-linkage experiments were not detected in this system. 
Therefore. the two-subunit interactions observed in this 
study may provide new insights into the subunit-subunit 
interactions within the F~ complex. 

We observed different levels o f  reporter gene expres- 
sion with various pairs of  subunits. Although the expres- 
sion levels could not be directly equated to the affinities o f  
subunit pairs, we believe that the levels nmy reflect the 
aMnities in the subunit pairs to some extent based on the 
following observations and discussion. The exptessic~:l lev- 
els of  the reporter gene decrease in the order 3'-•, ,~-/3. and 
a - 8  ( a l s o / 3 - 8 . 3 ' - 8 .  and &e)  (Table 4). The highest level 
of  expression was observed with the combination of  y and 
• subunits. In this case. stable bindi~zg was reported in 
vitro [15]. which result we have also confirmed recently 
using the ~ subunit fused to glutathione-S-tmnsferase [25]. 
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The second highest level of expression was observed for 
the or-/3 pair. Since stable binding of the a-/3 pair in vitro 
was not observed, the binding stability may be weaker than 
that for "y-e, which corresponds well with the expression 
levels of both pairs. For the third group including oL-8 
(also /3-~. 7-8. and ~¢)  exhibiting expression levels 
weaker than those of the or-/3 pair. stable binding in vitro 
was also not reported for any pairs. Although we could not 
distinguish the in vitro stabilities of subunit binding be- 
tween the second (or-/3) and third groups, the or-/3 pair 
might bind more strongly than the third group pairs (a-8. 
/3.-8, 7-~, and 8-~). 

Although an in vitro stable complex of the ot and /3 
subunits has not been reported for E. co// F I ATPase. we 
observed this interaction for the first time in the present 
two-hybrid system. For thermophilic bacteria, a stable 
a3/33 complex was reconstituted from the purified sub- 
units [31,39]. The binding affinity between these subunits 
might thus differ among species. For E. co//, addition of 
the 7 subunit to the mixture of the a and /3 subunits in in 
vitro reconstitution experiments could restore the active F~ 
ATPase activity as a ~ingle complex [7]. This observation 
and the present result suggest that the 7 subunit stabilizes 
the preformed a/3 complex during assembly. It should be 
noted that relatively weak bm significant binding was 
observed for combinations with the 6 subunit. The 6 and 
e subunits were reported to form a connecting portion 
between the catalytic ¢/37 core and F. portion [34]. 
However. the present re:;ults suggested that the ~ subunit 
may have functional significance other than this connect- 
ing role. because this subunit was found to interact signifi- 
cantly with the catalytic or, /3 and 7 subunits. 

Establishment of the two-hybrid system for the F~ sub- 
units will be useful fi~r further genetic study to identify 
residues involved in subunit interactions. As a first step, 
we analyzed three mutant /3 subunits in which defective 
assembly of the Fj portion was observed. Three mutant /3 
subunits with Leu-40 to Pro, Glu--41 to Lys [26], or 
Pro-332 to Gin substitutions exhibited decreased levels of 
the a subunit on the membranes, suggesting that the ot 
and/3 interaction was lost. In fact, no a and/3 interaction 
was observed for Pro-332 to Gin mutation in the two-hy- 
brid system, indicating that this system was applicable for 
detection of protein-protein interactions in mutants with 
defective F=-subunhs. Surpri.~ingly, the other two muta- 
tions exhibited rather increased levels of a-/3 interaction. 
suggesting that the or-/3 interactions with these mutant 
subunits are stronger than with the wild-type. Leu-40 and 
Glu-41 are in the amino-terminal domain of the /3 subunit 
and located close to the a subunit in the tertiary structure 
of F~ according to the findings of X-ray c~'sta!lographic 
analysis [I I]. These findings and the phenotype of the 
/3Leu-40 to Pro and Glu-41 to Lys nmtants suggested that 
the~ residues are involved in the t~-/3 interaction [26]. For 
the Leu-40 to Pro mutation, both the et and /3 subunits 
were lost on the membranes, while both subunits were 

detected in total cell extracts. Therefore. the a-/3 complex 
of the mutant may be present mainly in the cytoplasmic 
li'action, because the unusually tight binding of these sub- 
,mits caused a defect in proper assembly with other sub- 
units as the F~ complex on the membranes. For the Glu-41 
to Lys mutation, the mutated /3 subunits were observed on 
the membranes, in contrast to the tight binding suggested 
here. In this case, the other subunits such as the y subunit 
may be involved in causing defective assembly. Further 
biochemical analyses in terms of the binding properties of 
the /3 subunits with other Fi-subunits in these mutants are 
required to clarify the altered assembly of the mutant F~s. 

Interactions of two subunits shown in Table 4 other 
than a-/3 were observed for single combinations of fu- 
sions but not for the reverse combinations in protein 
fusion. For example, /3-6 interaction was observed be- 
tween the/3 fused to the activation domain and 8 fused to 
the binding domain but not for the reverse combination of 
the fusion panner. At present, the reason for this is not 
clear but some interactions between the subunits and the 
fusion-partner may occur which inhibit the subunit interac- 
tion. Although in most studies using the two-hybrid system 
reverse combinations of fusions have not been described, 
very different levels of reporter gene expression were also 
found for interaction between Jun and los, oncogene 
products [40]. 

Since binding of two subunits occurs in the nucleus of 
yeast cells, the binding condition may not be the same as 
that in E. coil cytoplasm. The F~ subunits fused to the 
yeast transcription factor in this study might lead to some 
unknown steric problems in the nucleus. Therefore, for 
interpretation of the data, it may be necessary to take into 
account some limitations of the technique. However, since 
the mutations of the /3 subunits defective in the assembly 
of F I portion also caused altered binding properties in the 
two-hybrid system, this system may be basically reliable 
for the purpose described in this study. 
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