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A mutant of Escherichia coli has been isolated that grows poorly on succinate
and exhibits a markedly reduced sensitivity to colicin K. This mutant is also
deficient in the respiration-linked transport of proline and thiomethyl-o-D-galac-
toside but appears normal for the adenosine triphosphate-dependent transport of
glutamine and arginine. A temperature-conditional revertant of the mutant
grows on succinate and is sensitive to colicin K at 27 C, but fails to grow on

succinate and is insensitive to colicin K at 42 C. Proline transport in the
temperature-conditional revertant is reduced at 42 C when either glucose or

succinate is used as energy source. Glutamine transport, on the other hand, is
normal at 42 C with glucose as energy source, but is reduced with succinate,
although not to the same extent as is proline transport. The lack of growth on

succinate and the deficiencies in transport at 42 C are not due to a temperature-
dependent lesion in either the electron transport chain or in Ca'+, Mg2+-
activated adenosine triphosphatase activity. Membrane vesicles prepared from
the temperature-conditional revertant are impaired in proline transport at both
27 and 42 C. These findings suggest the existence in the cytoplasmic membrane
of E. coli cells of a component, presumably protein, that is required for colicin K
action and that functions in respiration-linked and, to a lesser degree, in
adenosine triphosphate-dependent active transport systems. This protein may
serve as the primary target of colicin K action.

The major physiological effects observed in
cells of Escherichia coli treated with colicin K
are inhibition of respiration-linked and adeno-
sine triphosphate (ATP)-dependent active
transport systems, the complete arrest of mac-
romolecular syntheses, and reduction in the
intracellular levels of ATP. Information on how
these events are interrelated recently came from
studies of the effects of colicin K on mutants of
E. coli lacking Ca'+, Mg2+-activated adenosine
triphosphatase (ATPase) activity (24). ATPase-
deficient mutants do not exhibit a decrease in
ATP levels following colicin K treatment and,
unlike normal E. coli cells, retain the ability to
synthesize deoxyribonucleic acid, ribonucleic
acid, and protein. The absence of ATPase
activity, however, does not prevent killing by
the colicin nor does it affect the inhibition of
proline and glutamine transport, examples of
respiration-linked and ATP-dependent trans-
port systems, respectively (3, 4, 12). These
findings taken collectively led to the hypothesis
that the primary action of colicin K on the
cytoplasmic membrane of E. coli cells is to
de-energize a system that is essential to the
functioning of both the respiration-linked and

ATP-dependent active transport systems (24).
It was further suggested that the ATPase medi-
ates an abortive re-energization of this system,
resulting in lowered ATP levels. The lowered
ATP levels, in turn, would contribute in large
measure to the arrest of macromolecular syn-
theses.

In an effort to verify and extend this hypothe-
sis, I have sought mutants of E. coli that are
altered in the system that putatively both
serves as the primary target of colicin K action
and is essential to the functioning of active
transport systems. Such mutants might be
expected to be altered both in their response to
colicin K and in their active transport proper-
ties. One class of mutants possessing these
characteristics is described in this communica-
tion.

MATERIALS AND METHODS
Bacteria and media. E. coli strain A279a (HfrH

3000 thi) was obtained from the S. E. Luria stock
collection. Cultures were routinely grown in Ozeki
medium base (20) supplemented with carbon source
(0.4%) and thiamine (0.5 Asg/ml). In some instances
cultures were grown in LB broth (19) supplemented
with glucose (0.4%). Solid Ozeki minimal and LB
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media contained 1.5 and 1% agar, respectively.
Isolation of mutants. Nitrosoguanidine mutagene-

sis was carried out according to the procedure of Adel-
berg et al. (1). After mutagenesis, the cells were al-
lowed to grow for approximately four generations
in LB-glucose broth. Aliquots of this culture were
then diluted into Ozeki medium base and spread
on plates of Ozeki medium agar supplemented with
glucose, thiamine, and neomycin sulfate (20 Ag/ml)
(8, 13). Colonies appearing on the neomycin plates
were picked and scored for growth with glucose or
succinate as sole carbon source and on LB-glucose
plates containing KClO3 (0.2%). Aerobic growth
in the presence of KClO, has been reported to dis-
tinguish mutants of E. coli uncoupled for oxidative
phosphorylation from electron transfer mutants (29).
Isolates that grew on glucose and in the presence of
KClO3 aerobically, but did not grow on succinate,
were tested for sensitivity to colicin K. Isolates
showing resistance to colicin K were subsequently
tested for sensitivity to colicins El, E2, and E3.

Colicin sensitivity test. E. coli strains colicino-
genic for colicins El, E2, E3, or K were stabbed into
LB-glucose plates and allowed to grow for 24 h at
37 C. The majority of the colicinogenic cells were
removed with filter paper, and the remaining cells
were killed by exposing the plates to chloroform vapors
for 45 to 60 min. Aliquots of cultures to be tested for
colicin sensitivity were inoculated into soft nutrient
agar (14) supplemented with glucose (0.4%) and
spotted over the colicinogenic stabs. After 18 h at
37 C, colicin sensitivity was indicated by the presence
of a clear zone in the soft agar overlay.

Colicin K preparation. Purified colicin K was
prepared as previously described (22).

Transport experiments with intact cells. Cul-
tures were harvested by centrifugation, the cells were
washed twice with Ozeki medium base, and the
washed cells were resuspended at 5 x 10" cells/ml in
Ozeki medium base containing the indicated energy
source (0.4%) and chloramphenicol (100 gg/ml). Two
methods for measuring transport have been used. (i) a
1.0-ml amount of cell suspension was transferred to a
25-ml flask and preincubated at the desired tempera-
ture for 3 to 10 min with shaking prior to addition of
radioactive substrate. At intervals after addition of
radioactive substrate, aliquots (0.2 ml) were filtered
on nitrocellulose filters (pore size, 0.45 ,m; Mathe-
son-Higgins, Inc., Woburn, Mass.) and washed with 4
ml of Ozeki medium base at room temperature. After
drying, the filters were placed in Omnifluor (New Eng-
land Nuclear Corp.)-toluene, and "C radioactiv-
ity was counted in a liquid scintillation spectrometer
at 83% efficiency. (ii) Aliquots (0.2 ml) of cell suspen-
sion were dispensed into tubes and preincubated at
the desired temperature without shaking. At various
times after addition of radioactive substrate, the
incubation was terminated by rapid dilution and
filtration. The washing and counting of the filters
were carried out as described above.

Preparation of membrane vesicles and assay of
transport activity. Membrane vesicles were prepared
and assayed for transport activity as described by
Kaback (11).

Oxygen uptake. Oxygen uptake was measured in a
Warburg respirometer following standard techniques
(30).
ATPase assay. Membrane vesicles were washed

twice with 50 mM tris(hydroxymethyl)aminome-
thane-hydrochloride (pH 7.8) and were then resus-
pended in 2 mM tris(hydroxymethyl)aminomethane-
hydrochloride (pH 7.1). ATPase activity was mea-
sured bY the method of Kobayashi and Anraku (15).

Protein determinations. Protein was determined
by the method of Lowry et al. (18), using bovine
serum albumin as standard.

Chemicals. L- [U- 14C ]proline, L- [U- "C ]glutamine,
L- [U- 14C ]arginine, and [1-14C ]thiomethyl-fl-D-galac-
toside were obtained from New England Nuclear
Corp. Uniformly "4C-labeled a-methyl-D-glucoside
was obtained from Calatomic. D-Lactate and 2-phos-
phoenolpyruvate were obtained from Calbiochem.
ATP and neomycin sulfate were from Sigma Chemi-
cal Co. All other chemicals were reagent grade.

RESULTS

Properties of the colicin K-insensitive mu-
tant B51. Selection for neomycin resistance has
yielded various mutants of E. coli that are
affected in different aspects of the energy-trans-
ducing system that couples respiration to ATP
synthesis and to active transport (8, 13, 17, 27,
33). Since a primary consequence of colicin K
action is the uncoupling of active transport
systems from metabolic energy (6, 24), it
seemed reasonable to search for colicin K target
mutants among mutants of E. coli resistant to
neomycin. A screening of neomycin-resistant
mutants that grew on glucose, but not on
succinate, for colicin K sensitivity yielded sev-
eral that exhibited a decreased sensitivity to
colicin K but that retained normal sensitivity to
colicins El, E2, and E3. These mutants did not
appear to be affected in the receptor needed for
colicin K adsorption since they retained sensi-
tivity to the bacteriophage T6, a phage that
shares a common receptor with colicin K. One
of these colicin K-insensitive mutants, desig-
nated B51, and a temperature-conditional de-
rivative of B51 have been studied in some
detail.
The mutant B51 grew poorly on succinate

plates (pinpoint colonies after 48 h at 37 C) and
had a reduced growth rate with glucose at 37 C
as compared with the parent strain A279a (1.9-h
generation time for B51 versus 0.9-h generation
time for A279a). In addition to showing a
marked reduction in sensitivity to colicin K
(Fig. 1), B51 cells also proved to be deficient in
certain active transport systems. With glucose
as energy source the accumulation of proline
and thiomethyl-f3,D-galactoside was markedly
reduced in B51 cells as compared with cells of
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FIG. 1. Killing by colicin K. Cultures (2.0 ml, 5 x

10. cells/ml) grown with glucose at 37 C were treated
with the indicated amounts of colicin K for 15 min at
27 C. Viability assays were performed as previously
described (23).

the parent strain (Fig. 2A, B). Under similar
conditions the ATP-dependent accumulation of
glutamine or arginine appeared to be unaffected
by the mutation in B51 cells (Fig. 2C, D).
To determine if the defect in transport, the

decreased sensitivity to colicin K, and the poor
growth on succinate were due to a single muta-
tion in B51 cells, spontaneous revertants for
normal growth on succinate were sought. One
class of revertants was isolated from succinate
plates at 37 C. In addition to having regained
the ability to grow on succinate, these revert-
ants exhibited a degree of colicin K sensitivity
similar to that of the parent strain and had
regained normal levels of proline transport.
A second type of spontaneous revertant, iso-

lated from succinate plates at 30 C, exhibited a
temperature-dependent phenotype. A re-
presentative revertant, designated B51-70, grew
on either glucose or succinate at 30 C, but at
42 C it grew on glucose and only very poorly on
succinate. B51-70 cells also manifested a tem-
perature-conditional response to colicin K: an
amount of colicin K that killed 84% of the cells
in a B51-70 culture at 27 C gave little or no

killing in a similar culture maintained and
plated at 42 C. Finally, B51-70 cells exhibited a
temperature-dependent defect in proline trans-
port (see below).
The results obtained with these revertants of

B51 support the conclusion that a mutation at
a single site results in the inability of E. coli
cells to utilize succinate normally as sole carbon
source, markedly reduces their sensitivity to
colicin K, and results in a deficiency in active
transport.
Active transport in the temperature-de-

pendent mutant B51-70. Different mechanisms
of energy coupling have been shown to function
in the active transport of proline and glutamine
by E. coli cells. Proline transport is coupled to a
form of energy that can be derived directly from
electron transport and does not involve the
formation of high-energy phosphate bonds (4,
12). Glutamine transport, on the other hand,
requires ATP or some product derived from
ATP (3, 4). The effect of the temperature-
dependent lesion in B51-70 cells on these two
amino acid transport systems is shown in Fig. 3
and 4.
With glucose as energy source, proline trans-

port was only slightly reduced in B51-70 cells at
27 C (Fig. 3A), but was markedly reduced at
42 C as compared with parent cells (Fig. 3B).
Similar results were obtained when succinate
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FIG. 2. Amino acid and sugar transport in whole
cells with glucose as energy source. Cultures were
grown at 37 C and transport was measured at 27 C.
Specific activity and the initial concentration of
substrates used were as follows: (A) [14Cjproline, 10.6
guCi/Mmol, 94 WM; (B) ['4C]thiomethyl-fl-D-galacto-
side, 2.2 ACi/Mumol, 100 MM; (C) [14C]glutamine, 10.6
MCi/Mimol, 94 MM; (D) [14C]arginine, 10.6 MCi/mol,
94 AM.
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synthesis resulted in a complete restoration of
, aGLUCOSE, 27° B. GLUCOSE, 420 proline transport activity within 10 min (data

A279a A279a not presented).
In contrast to the findings with proline,

glutamine was taken up by the mutant cells at a

B517B 5-70 slightly enhanced rate as compared with the

parent cells at both 27 and 42 C when glucose
was the energy source (Fig. 4A, B). With succi-

nate as energy source, the rate of glutamine
C. SUCCINATE, 270 D. SUCCINATE, 42° uptake was normal in B51-70 cells at 27 C, but

A279a at 42 C it was approximately 50% lower than in
the parent cells (Fig. 4C, D). That the reduced
glutamine uptake at 42 C by succinate-grown
B51-70 cells was not due to lowered intracellular
ATP levels is shown by the data in Table 1.

A279a After a shift from 27 to 42 C, the ATP levels in
o-_ / _ J _ B51-70 cells actually increased. The reason for

/ / this increase is not presently understood.
Thus the respiration-linked transport of pro-

5 /B5-70/ 51-70 line appeared to be more sensitive to the tem-B51 70
perature-dependent lesion in B51-70 cells than

_I I I was the ATP-dependent transport of glutamine,
O 2 3 0 2 3 although the latter transport system was also

INUTSaffected under certain conditions.IG. 3. Proline transport with glucose and succI- afetedueracertincnditions.
as energy sources. Cells were grown at 27 C with The temperature-dependent lesion B51-70

er glucose or succinate as carbon source. The cells also manifested itself by affecting proline

al concentration of ["4CJproline used was 9.4 retention at 42 C. B51-70 cells were allowed to
accumulate radioactive proline to a steady-
state level at 27 C and were then shifted to

5 A. GLUCOSE, 2 42 C. The shift to the higher temperature re-
A. GLUCOSE, 270 GLUCOSE, 420

sulted in a rapid efflux of proline from the

X-135170 B51-70
B51-70 cells and the establishment of a new

O 51 -70 steady-state level considerably lower than that

attained at 27 C (Fig. 5). This same tempera-

52-/ ture shift had little effect on the steady-state
A279a A 79a level of proline accumulation in the parent cells.

O l / t I These findings suggest that the temperature-

IN2X I dependent lesion in B51-70 cells affects the01C-SUCCINATE , 27°- D. SUCCINATE, 420
01.

energy coupling of proline transport. It has been

15-£
B51-70 A279a
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FIG. 4. Glutamine transport with glucose and suc-

cinate as energy sources. The initial concentration of
[I4C]glutamine was 9.4 gM.

was the energy source (Fig. 3C, D). The inhibi-
tion of proline transport in B51-70 cells at high
temperature was reversible; transferring the
cells from 42 to 27 C in the absence of protein

TABLE 1. Intracellular levels ofA TP in
succinate-grown A279a and B51- 70 after a

temperature shift from 27 to 42 C

Time after temp ATP (nmol/mg of cell protein)
shifta (min) A279a

0 2.2 2.5
2 2.2 3.3
4 2.0 2.8
6 1.8 3.4
8 2.0 3.3
10 2.3 3.9
20 2.5 4.5

a Aliquots (0.5 ml) were removed from the cultures
immediately before and at the times indicated after
the cultures were shifted from 27 to 42 C. ATP was

measured as previously described (24).
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FIG. 5. Efflux of proline from cells. Cultures were

grown at 27 C with glucose as carbon source. Washed
cells (2.0 ml) were pretreated with chloramphenicol
(100 Mg/ml) and were then incubated with glucose and
[4Clproline (9.4 MM) at 27 C for 15 min with shaking.
A zero time sample (0.2 ml) was removed, and the
cells were then transferred to a shaking water bath at
42 C. At the indicated times after the temperature
shift, 0.2-ml aliquots were removed and filtered.

shown that uncoupling of active transport sys-

tems by energy inhibitors results in a lowering
of the steady-state Km for exit and an increase
in the rate of solute exit (16, 21, 32).
Respiration and ATPase activity in B51-70.

The inability of B51-70 cells to grow at 42 C on a

respiratory substrate such as succinate indi-
cates the presence in these cells of a tempera-
ture-dependent lesion that affects either respi-
ration or the coupling of respiration to energy

metabolism. That respiration is functional in
B51-70 cells at 42 C is shown by the data in
Table 2. Oxygen consumption with glucose at
42 C was nearly the same for B51-70 cells as for
cells of the parent strain A279a. With succinate,
B51-70 cells utilize oxygen at a rate 60% of that
of the parent cells. Thus the mutation in B51-70

TABLE 2. ATPase activity and oxygen consumption
with strains A279a and B51-70

0. consumption by intact ATPase activity in
cells at 42 C membranes at 42 C

Mmol of Pi
Strain ng-atoms/ released/

Substrate mg of cell Additions mg of
protein membrane
per min protein

per 30 min

A279a Glucose 231 0.61
Succinate 272 Mg'+ 14.3

B51-70 Glucose 200 1.17
Succinate 165 Mga+ 20.6

cells does not appear to result in a temperature-
sensitive component of the electron transport
chain.
Another possibility was that the lesion in

B51-70 cells resided in the ATPase complex.
Certain mutations affecting this enzyme system
have pleiotropic effects on active transport in E.
coli cells (2, 27-29, 31, 33; for contrasting
results, see reference 25). Table 2 shows, how-
ever, that membranes prepared from parent
and B51-70 cells contained comparable levels of
ATPase activity at 42 C.

It appears, therefore, that the mutation in
B51-70 cells must affect some as yet unspecified
step that is essential to the coupling of electron
transport to active transport and that is also
necessary for the growth of E. coli cells on
respiratory substrates.
Experiments with membrane vesicles.

Membrane vesicles prepared from B51-70 cells
grown on glucose at 27 C exhibited aberrant
properties in proline transport when compared
with vesicles prepared from the parent strain.
Proline was accumulated to a lesser extent by
the B51-70 vesicles at both 27 and 42 C, and
increasing the temperature from 27 to 42 C did
not stimulate the initial rate of uptake in the
mutant vesicles as it did with the parent vesi-
cles (Fig. 6A, B). Unlike the intact B51-70 cells,
B51-70 membrane vesicles did not show a de-
crease in transport activity when the tempera-
ture was raised from 27 to 42 C. The low
transport activity of the B51-70 vesicles was not
due to decreased respiration of D-lactate: oxygen
uptake with the parent vesicles at 42 C was 105
ng-atoms/min per mg of membrane protein,
whereas with the mutant vesicles it was 203
ng-atoms/min per mg of membrane protein.
The membrane vesicles from B51-70 cells

were also tested for the phosphoenolpyruvate-
dependent uptake of a-methylglucoside, an up-
take process that functions normally in intact
cells of the mutant at both 27 and 42 C (data
not presented). An increase in temperature
from 27 to 42 C stimulated the rate of a-methyl-
glucoside uptake in both the parent and mutant
vesicles to nearly the same extent (Fig. 6C, D).
The levels of a-methylglucoside accumulated
by the mutant vesicles, however, were some-
what lower than those of the parent vesicles.

DISCUSSION
Results from studies with mutants of E. coli

lacking energy-transducing ATPase activity
suggested the hypothesis that the primary le-
sion resulting from colicin K action resides in a
system that is essential to the functioning both
of respiration-linked and ATP-dependent active
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transport systems (24). Consi
hypothesis, the mutants B51 a
vide evidence for the existence i

plasmic membrane of E. coli cl
nent, presumably protein, that
energy coupling of respiratio:
transport systems, may be req
dependent active transport s:
essential to the action of colici
that of colicins El, E2, or E3.
normal E. coli cells this proti
inactive by colicin K action an
tion results in an uncoupling of
systems. In the mutants B51 a
protein may be modified in such
only partially functional in trai
not respond to colicin K in a wi
the usual colicin K-triggered ev
Glutamine transport differ.

transport in its requirement fo
form of phosphate bond energ
ATP (3, 4). Yet colicin K inh
transport with nearly the sam

inhibits proline transport, eve

tions where intracellular ATP I

tained (24). Furthermore, the e
strict anaerobic conditions with

I nite markedly reduces both proline and gluta-
35 1- 70

E mine transport, while reducing intracellular
ATP levels by only 50% (10). These findings
suggest that these operationally distinct active
transport systems may have a common require-
ment essential for their optimal functioning.

_ The degree to which they are dependent on this
common element may be different, as indicated

27° ID-LA,CTIE by the results of the present study. Whereas the
effect of the mutation in B51 and B51-70 cells

151-70 on colicin K sensitivity and the respiration-
/ESICLES linked transport of proline is very pronounced,

its effect on the ATP-dependent transport of
420 glutamine is more subtle. Only when B51-70

cells are placed under conditions that severely
restrict growth (i.e., transferring succinate-
grown cells from 27 to 42 C) can the lesion be

27° shown to have an inhibitory effect on glutamine
uptake. It may prove significant in this regard
that, in B51 and B51-70 cells, respiration-linked
transport functions are not completely lost but

Ijj I rather are only reduced in activity. This raises
2 3 the possibility that the lesion in the colicin

K-insensitive mutants may be leaky and retains
Frucoside (a-MG) sufficient function for its role in glutamine
Fy source and the transport (when glucose is present as energy
e (10X uCi4/smol) source) but not for its role in proline transport.
M 2-phosphoenol- In these mutants, complete inactivation of the
, and the initial altered protein, such as may happen after
&Ci/Mmol) was 33 colicin K action on normal cells, could have

physiological consequences not evident in B51
stent with this and B51-70 cells.
nd B51-70 pro- The mutants reported in this study, while
within the cyto- possessing an energy-uncoupled phenotype,
ells of a compo- have features that distinguish them from ener-
functions in the gy-uncoupled mutants of E. coli isolated in
In-linked active other laboratories. Two mutants of E. coli that
uired for ATP- lack Ca2+, Mg2+-activated ATPase activity,
ystems, and is DL-54 (2, 29) and NR70 (26, 27), exhibit in-
in K but not to creased permeability to protons and deficiencies
Conceivably, in in active transport. Treating membrane vesicles
ein is rendered prepared from these ATPase-deficient mutants
Id this inactiva- with the ATPase inhibitor N,N'-dicyclohexyl
active transport carbodiimide results in the restoration of trans-
and B51-70 this port activity and also reduces proton permeabil-
ia way that it is ity to the level characteristic of normal cells.
nsport and does The mutants reported in this communication
ay that leads to differ from DL-54 and NR70 in at least three
rents. respects. First, the mutant B51-70 possesses
s from proline normal levels of ATPase activity (Table 1).
)r ATP or some Secondly, treatment of B51-70 membrane vesi-
ry derived from cles with N,N'-dicyclohexyl carbodiimide under
iibits glutamine two sets of conditions (30gM N,N'-dicyclohexyl
e kinetics as it carbodiimide, 10 min, 27 C and 70 ;&M N,N'-
n under condi- dicyclohexyl carbodiimide, 30 min, 27 C) did not
levels are main- result in the restoration of normal levels of
stablishment of proline transport (C. Plate, unpublished data).
sodium dithio- 'hirdly, B51-70 cells do not appear to be
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abnormally permeable to protons at either 27
or 42 C (M. Weiss and C. Plate, unpublished
data). These findings suggest that the lesion in
B51-70 cells does not lie within those portions of
the ATPase complex that are required for hy-
drolytic activity or that govern proton permea-
bility.

Failure to grow on succinate with retention of
ATPase activity and of the ability to oxidize
respiratory substrates such as succinate are
properties that have been reported for several E.
coli mutants, including the uncB mutant iso-
lated by Butlin et al. (5), the etc mutant
reported by Hong and Kaback (9), and the ecfa
mutant recently reported by Lieberman and
Hong (17). The properties of B51 and B51-70 are
clearly different from those of an uncB mutant:
the aerobic transport of proline is not reduced
by the uncB mutation (7; C. Plate, unpublished
data) and an uncB mutant is fully sensitive
to killing by colicin K (C. Plate, unpublished
data). It seems likely that the mutation in the
colicin K-insensitive mutants is also distinct
from the ecfr5 mutation reported by Lieberman
and Hong (17). These investigators have stated
that the ecfg mutation results in the inhibition
of glutamine transport; this is not the case with
the mutation in B51 and B51-70 cells, at least
with glucose as energy source. In addition,
membrane vesicles prepared from the ecf' mu-
tant have been reported to exhibit normal
transport properties at both the restrictive and
permissive temperatures (17), whereas the vesi-
cles prepared from B51-70 cells are abnormal for
proline transport.

It is less clear that the colicin K-insensitive
mutants reported in this study are distinct from
the etc mutant described by Hong and Kaback
(9). Clarification of this point should be possible
when the mapping of the mutation in B51-70,
currently in progress, is completed.
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ADDENDUM IN PROOF

J. Konisky (J. Bacteriol. 124:1439-1446, 1975) has
recently reported that a mutant of E. coli tolerant
to colicins Ia and lb and unable to grow on succinate
also exhibits aberrant active transport properties.
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