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1. Introduction

ATP formation by oxidative phosphorylation or
photophosphorylation is observed in bacterial, mito-
chondrial and chloroplast membranes [1-3]. Accord-
ing to Mitchell’s chemiosmotic hypothesis, the trans-
membrane gradient of electrochemical potential of
H' formed by the translocation of proton across the
membranes is the motive force for ATP formation
[4]. The proton-translocating ATPase (H'-ATPase)
is thought to play the central role in ATP synthesis {5].

We tried to isolate mutants of Escherichia coli
which were resistant to an inhibitor of H'-ATPase,
tributyltin, in order to understand the ATP formation
in biological energy-transducing membranes. Here, we
report that almost all of them are also resistant to
uncouplers of oxidative phosphorylation, carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and/or
pentachlorophenol (PCP). We also present evidence
indicating that uncouplers interact with H'-ATPase.

2. Materials and methods

2.1. Bacteria

Strain KH434 (gal,thy), which was derived from
strain W3350, was provided by Dr T. Horiuchi.
Strain KM135 (HfrC,ilvA,met,rel, tonA ,,, T2 ,bgIB'R",
tna) was provided by Mr K. Joh. IM5 (KM 135 mer")
was constructed from KM135 by P1-transduction.

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhy-
drazone; PCP, pentachlorophenol; EMS, ethyl methanesulfo-
nate; DCCD, N,N'dicyclohexylcarbodiimide
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KL728 which harbors the F-prime factor, F111, was
provided by Dr B. Bachmann.

2.2. Medium

M63 medium [6] was used as the minimal medium.
Sodium succinate (40 mM) or 0.4% (w/v) glucose was
used as the carbon source. Thymine was added at
10 ug/ml final conc. when KH434 was grown. L-Broth
supplemented with 10 ug thymine/ml was used as the
rich medium.

2.3. Chemicals

CCCP was purchased from Sigma. Tributyltin,
N,N'.dicyclohexylcarbodiimide (DCCD), sodium azide
and ethyl methanesulfonate (EMS) were purchased
from Wako Chemicals. PCP was provided by Dr T.
Higuchi.

2 4. Isolation of tributyltin-resistant mutants

Tributyltin (4 X 1073% (v/v)) was used for the iso-
lation of mutants. About 5 X 108 cells were spread
on a plate containing succinate, thymine and tributyl-
tin, and incubated at 30°C.

2.5. Test of minimal inhibitory concentration

Cells were grown to log phase in the rich medium
and washed with M63 medium. About 10° cells were
put on each plate which contained succinate, thymine
and an inhibitor. Inhibitors were 25 uM, 30 uM, 40 uM,
50 uM and 60 uM for CCCP; 75 uM, 100 uM, 150 uM,
200 uM and 300 uM for PCP; 50 uM, 100 uM, 200 uM
and 300 uM for sodium azide; 1.5 mM, 3 mM and
5 mM for DCCD.
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3. Results

3.1. Isolation of mutants which are resistant to tri-
butyltin

At 4 X 1073% (v/v) of the concentration of tri-
butyltin used for the isolation of mutants, the growth
of wild-type strain KH434 was inhibited when succi-
nate was used as the carbon source but not when glu-
cose was used (not shown). This observation suggests
that tributyltin inhibits metabolically ATP formation
by oxidative phosphorylation which occurs after the
tricarboxylic acid cycle. After cells were spread on
plates containing tributyltin, the incubation was per-
formed at 30°C for 3 days. Colonies which appeared
were picked up and purified twice on the selective
plate. Four spontaneous resistant mutants were isolated
and an additional 17 resistant mutants were isolated
after EMS-mutagenesis. The minimal inhibitory con-
centration for tributyltin of each strain was indicated
in table 1. The minimal inhibitory concentration of
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wild-type strain KH434 was 1 X 1073% and those of
mutant strains varied 2 X 1073—4 X 1073%. A spon-
taneous mutant strain SM422 (¢zr-1) and a EMS-
induced mutant strain SE2110 (¢27-6) were grown in
a liquid medium containing tributyltin to confirm the
resistance. The growth of strain KH434 was com-
pletely inhibited in the presence of 5 X 107%% (v/v)
of tributyltin when succinate was used as the carbon
source but not when glucose was used (fig.1). This
observation suggests that tributyltin inhibits ATP for-
mation by oxidative phosphorylation. Strain SM422
and SE2110 could grow at that concentration of tri-
butyltin (fig.1). Similar observations were obtained
when the concentrations of tributyltin were 2.5 X
10™% and 1 X 1073% (not shown).

3.2. Co-drug resistance

We have isolated the uncoupler-resistant mutants
which were also resistant to some of H'-ATPase inhib-
itors, tributyltin, sodium azide and DCCD (in prepa-

Table 1
Minimal inhibitory concentration for inhibitors of H*-ATPase and uncouplers

Strain Mutated Tributyltin Sodium DCCD ccce PCP

allele (X1073%) azide (uM) (mM) (uM) (M)
KH434 wild 1 50 1.5 25 75
SM422 ttr-1 3 300 5 30 200
SM425 tr-2 3 s s s 150
SM434 ttr-3 3 300 B 40 150
SM311 ttr4 2 300 5 s 200
SE211 ttr-5 3 S s s 150
SE2110 ttr-6 4 s >5 30 150
SE2111 ttr-7 4 s 5 40 200
SE2113 tr-8 4 300 s 30 300
SE2118 ttr-9 3 300 § s 200
SE2210 ttr-10 4 200 >5 $ 200
SE2215 ttr-11 3 300 >5 s 300
SE225 ttr-12 3 150 ] 30 300
SE231 tr-13 4 150 s 30 200
SE232 ttr-14 3 150 s s s
SE233 ttr-15 4 s s S 200
SE238 ttr-16 3 s S s 150
SE2310 ttr-17 3 s 5 s 300
SE2456 ttr-18 1 300 3 30 s
SE246 ttr-19 3 150 5 s s
SE247 ttr-20 4 150 s s 300
-SE2466 ttr-21 3 150 s 40 200

‘s’ means that the growth of each mutant strain was inhibited on plate containing
S50 uM scdium azide, 1.5 mM DCCD, 25 uM CCCP or 75 uM PCP. SE2456 (¢tr-18)
was isolated on the plate containing tributyltin. However, the growth was inhibited
on the plate containing 1 X 1072% tributyltin, when the minimal inhibitory con-
centration was tested. Succinate was used as the carbon source
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Fig.1. Resistances to tributyltin of strains SM422 and SE2110.
Cells were grown to 3 X 103/ml in the rich medium, washed
and diluted to 3 X 10%/mlin M63 medium containing 5 X 10~%%
(v/v) tributyltin, which was supplemented with glucose or
succinate. Incubations were performed at 30°C and turbidity
in Klett units (540 nm) was measured: KH434, glucose (0);
KH434, succinate (#); SM422, succinate (w); SE2110, succinate
(4). Strains SM422 and SE2110 showed good growths in the
presence of tributyltin when glucose was used as the carbon
source (not shown).

ration). Therefore, we tested whether the tributyltin-
resistant mutants were resistant to other H'-ATPase
inhibitors or uncouplers. Table 1 indicates the mini-
mal inhibitory concentrations of mutants for inhibi-
tors. SE232 (¢2r-14) and SE246 (ttr-19) are resistant
to not only tributyltin but also sodium azide. The
remaining 19 mutants are resistant to not only some
of H'-ATPase inhibitors, tributyltin, sodium azide
and DCCD but also uncouplers, CCCP and/or PCP.
A typical mutant strain SM422 was grown in a liquid
medium containing each uncoupler in order to con-
firm the co-drug resistance. Strain SM422 was able to
grow fairly in the presence of 100 uM PCP or 30 uM
CCCP which inhibited the growth of wild-type strain
KH434 completely (fig.2).

CCCP and PCP are uncouplers of oxidative phos-
phorylation and tributyltin, sodium azide and DCCD
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Fig.2. Resistances to uncouplers of strain SM422. Cells were
grown to 3 X 10%/ml in the rich medium, washed and diluted
to 3 X 10%/ml in M63 medium containing 100 uM PCP or

30 uM CCCP. Glucose or succinate was used as the carbon
source. Incubations were performed at 30°C and turbidity in
Klett units (540 nm) was measured: KH4 34, glucose, PCP (@);
KH434, glucose, CCCP (o); KH434, succinate, PCP or CCCP
(®); SM422, succinate, PCP (m); SM422, succinate CCCP (a).
Strain SM422 showed good growth in the presence of an
inhibitor when glucose was used as the carbon source (not
shown).

are H'-ATPase inhibitors [5]. The co-drug resistances
observed in these mutants, which indicate that the
resistances to the H'-ATPase inhibitors affect the
resistances to uncouplers, suggest that the compo-
nent(s) of H'-ATPase complex is affected by uncou-
plers.

3.3. Co-transduction of ttr-1 and ttr-6 with ilvA genes
Since it is known that tributyltin, sodium azide
and DCCD are inhibitors of H*-ATPase [5], we sup-
pose that each mutant strain carries a mutation in
protein subunit(s) of H'-ATPase. unc Genes coding
for protein subunits of H'-ATPase are mapped at
83.5 min on the chromosome of E. coli and can be
co-transduced with ilv genes by P1 phage [7]. We did
P1-transduction experiments to learn whether typical
mutant strain, SM422 (¢tr-1) and SE2110 (¢£r-6) car-
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ried mutations in protein subunit(s) of H*-ATPase.
~ Strain IM5 was used as the recipient strain and ily*
transductants were selected. The experiments indicated
that rzr-1 allele linked to ilv4 gene with the frequency
of 30% (12 out of 40 tested) and that z¢r-6 allele did
with 11% (6 out of 57 tested). The experiments of
transduction indicated that the tributyltin-resistant
mutant strains carried mutations in protein subunit(s)
of H'-ATPase.

3 4. Isolation of temperature-sensitive unc mutants
The linkages with ilvA gene and the resistances to
other inhibitors of H-ATPase, sodium azide and/or
DCCD indicate that the tributyltin-resistant mutant
strains carry mutations in protein subunit(s) of H'-
ATPase. If it is true, some of them should present the
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unc phenotypes, which means that cells can grow in
the presence of glucose as the carbon source but not
in the presence of succinate. Four of 21 mutant
strains, SM434 (ttr-3), SM311 (ttr<4), SE2215 (11r-11)
and SE2456 (ttr-18), could grow in the presence of
glucose as the carbon source but not in the presence
of succinate when the experiments were performed in
the absence of each inhibitor at 42°C. A spontaneous
mutant strain SM434 (¢£r-3) of these temperature-
sensitive unc mutant strains was examined more
extensively. Fig.3 indicates that strain SM434 is a
temperature-sensitive unc mutant. It was confirmed
by the mating experiment that strain SM434 was an
unc mutant strain. When strain SM434 was mated
with strain KL728 harboring F111 containing unc
region of the chromosome [8], the F111-introduced
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Fig.3. Temperature-sensitive unc phenotype of strain SM434. Cells were grown to 3 X 10%/ml in the rich medium, washed and
diluted to 3 X 10%/ml in M63 medium. Glucose or succinate was used as the carbon source. Incubations were performed at 30°C
or 42°C amd turbidity in Klett units (540 nm) was measured: KH434, glucose (0); KH434, succinate (#); SM434, glucose (o);
SM434, succinate (). The approximate number of viable ceils counted after 30 h was as follows at 30°C: KH434, succinate

2.0 X 10%/ml; SM434, succinate 3.0 X 10%/ml, at 42°C, KH434, glucose 1.0 X 10°/ml; KH434, succinate 5.8 X 10%/ml; SM434,

glucose 9.5 X 10%/mi1; SM434, succinate 1.4 X 10%/ml.
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Fig.4. Resistances to tributyltin and PCP of strain SM434.
Cells were grown to 3 X 10%/ml in the rich medium, washed
and diiuted to 3 X 10%/mi in M63 medium containing 2.5 X
1074% tributyltin or 100 uM PCP. Glucose or succinate was
used as the carbon source. KH434, glucose, tributyltin (0);
KH434, glucose, PCP (¢); KH434, succinate, tributyltin or
PCP (e); SM434, succinate, tributyltin (»); SM434, succinate,
PCP (a). Incubations were performed at 30°C. Strain SM434
showed good growth in the presence of an inhibitor when
glucose was used as the carbon source.

SM434 could grow on the succinate plate at 42°C.
This mating experiment also indicates that wild type
allele is dominant to the mutated allele, ¢£r-3.

Strain SM434 is resistant to tributyltin, sodium
azide, DCCD, CCCP and PCP (table 1). It is shown in

+ha
a 11qu1u IIICUIUIH I.Ildl blldlll OlVl‘h)“r Call giow lll tne

presence of tributyltin or PCP (fig.4). We examined
whether the temperature-sensitive unc phenotype and
the resistances to 5 inhibitors were induced by a single
mutation. When 20 spontaneous unc” revertants were
picked up on the succinate plate at 42°C, 3 revertants
of them simultaneously reverted to the same sensitivi-
ties to 5 inhibitors as wild-type strain KH434. Eight
of the remaining 17 revertants did not change their
resistances. The remaining 9 revertants reverted the

sensitivities to some of 5 inhibitors. The details are
indicated in table 2. The reversion test indicates that
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‘s’ means that the growth of each revertant strain was inhib-
ited on plate containing 1 X 10~3% tributyltin, 50 uM sodium
azide, 1.5 mM DCCD, 25 uM CCCP or 75 uM PCP which
inhibited the growth of wild type strain KH434; ‘r’ means
that each revertant strain can grow in the presence of the
concentration of the inhibitor. Twenty unc® revertants which
were picked up on succinate plate at 42°C, were tested. Suc-

cinate was used as the carbon source

the temperature-sensitive unc phenotype and the
resistances to 5 inhibitors are mduced by a smgle
~l

hacar + a tonta h
mu tatlau, Decause true revertants n

4. Discussion

We isolated 4 spontaneous mutants and 17 EMS-
induced mutants which were resistant to tributyltin
T‘V‘VG 0f21 LllUutyll.lll'lUblbldlll mu ldll Lb WeEIec dlbU lcblb'
tant to sodium azide which is an inhibitor of H'-
ATPase. The remaining 19 mutants were resistant to
not only either or both of inhibitors of H*-ATPase,
sodium azide and DCCD but also uncouplers of oxi-
dative phosphorylation, CCCP and/or PCP.

We conclude that these mutant strains carry muta-

LlUllB lll PIULCUI buUUllll\b} Ul ll 'ﬂlfdbc dllu llldl.
uncouplers, CCCP and PCP interact with H'-ATPase,
according to the following reasons:

(i) High correlations between the resistances to the
inhibitors of H*-ATPase and those to uncouplers
are observed in the mutant strains;

(ii) The 3 mutated alleles examined are mapped in
the region which is expected for unic genes;

(iii) Some mutant strains (4 out of 21) present unc
phenotypes at 42°C;

(iv) When a temperature-sensitive #nc mutant strain
SM434 (rtr-3) was examined more extensively,
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spontaneous true revertants were isolated. This
reversion test indicates that the temperature-sen-
sitive unc phenotype and the resistances to tri-
butyltin, sodium azide, DCCD, CCCP and PCP
are induced by a single mutation.

Here, we cannot rule out a possibility that a muta-
tion in H'-ATPase affects the transport of inhibitors.
However, the partial revertants (9 out of 20 tested)
which reverted sensitivities to some of 5 inhibitors,
were isolated by a single step reversion from SM434
(table 2). It is likely from this observation that the
substitution of a different amino acid at the mutated
site or an amino acid at the other site in H'-ATPase
affects the binding of each inhibitor with H*-ATPase.

Our conclusion is compatible with [9,10] that a
CCCP-resistant mutant strain of Bacillus megaterium
had the altered H'-ATPase activity and [11] that
azide—nitrophenol-binding protein is a protein subunit
of H"-ATPase in beef-heart mitochondria. Also, the
conclusion is confirmed by the observations that
CCCP- or PCP-resistant mutant strains are also resis-
tant to some of H'-ATPase inhibitors, tributyltin,
sodium azide and DCCD and that the mutated alleles
are mapped in a similar region as unc genes (in prep-
aration).
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