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Escherichia coli is known to excrete putrescine rapidly after a sudden elevation
in the osmolarity of the medium. We report here that mutants defective in the
transport of potassium ions display a greatly diminished rate of [14C]putrescine
excretion.

We demonstrated previously that the putres-
cine content of Escherichia coli varies inversely
with the osmolarity of the medium (5). A
sudden increase in medium osmolarity produces
a rapid excretion of putrescine which can be
blocked by low K+ concentrations in the me-
dium (Ki,, 0.69 mM K+). Putrescine excretion
(5) and K+ uptake (3) may both play a role in
the adaptation of E. coli to media of high
osmolarity. We now report that several muta-
tions which reduce K + uptake also lead to a
reduction in putrescine excretion after an os-
motic stress.
Mutations in each of four closely linked

cistrons (A, B, C, and D), collectively named
the kdp system, produce the same phenotype
(1, 2); the kdp system is expressed only at K+
concentrations less than 0.1 mM, the growth
rate of such strains being half-maximal at 0.05
mM K+ (W. Epstein, personal communication).
Two additional loci, trkA and trkD, also affect
K+ transport. A strain containing mutations at
the kdp and trkA loci grows at a half-maximal
rate in 2.4 mM K+; a strain containing kdp,
trkA, and trkD mutations grows at a half-maxi-
mal rate in 17 mM K+ (W. Epstein, personal
communication).
We first measured the ability of mutants in

the kdp genes (FRAG-5), kdp and trkA genes
(2K133), or kdp, trkA, and trkD genes
(2K401m) to excrete [14C]putrescine after a
sudden increase in external osmolarity (Fig. 1).
Media of high osmolarity, containing 30 mM

IThis paper is publication no. 497 of the Department of
Biophysics and Genetics, Univ. of Colorado Medical Center,
Denver.

K +, elicited rapid [ 14C Iputrescine excretion by
both the parent strain FRAG-1 (derived from E.
coli K-12) and by FRAG-5 (kdpABC). Strain
2K133 (kdpABC, trkA) excreted putrescine
more slowly in high osmolarity medium than
did either FRAG-1 or FRAG-5. Putrescine ex-
cretion by strain 2K401m (kdpABC, trkA, trkD)
was slower yet. The apparently rapid loss of
putresoifte from strain 2K401m in low-osmolar-
ity medium was not a reproducible observation.
The initial rates of ['4C ]putrescine excretion

were next compared in media containing vari-
ous concentrations of K+, from 1 to 60 mM
(Table 1). When the K+ concentration was 11
mM or greater, FRAG- 1 and FRAG-5 lost
putrescine at high rates in response to high
osmolarity. At 1 mM K+, the rates of excretion
were about half-maximal for both strains, in
agreement with previous results for E. coli B
(5). However, strains 2K133 and 2K401m ex-
creted [14C ]putrescine more slowly than the
parent strain (Table 1); these rates of excretion
are in reasonable agreement with the known
rates of K+ uptake by these cells (W. Epstein,
personal communication). Strain 2K401m
achieves a moderate rate of K+ uptake only at
high external K+ concentrations; similarly,
[I4C]putrescine is lost very slowly at low and
intermediate values of external K +. Strain
2K133 has the same K+ uptake process found in
strain 2K401m and also contains the trkD
system (Km about 0.5 mM). Thus, strains such
as 2K133 should and do exhibit moderate rates
of putrescine loss at intermediate K+ concentra-
tions. For both strains, rapid putrescine loss
begins at higher K + values than would be
predicted from the rate of K+ uptake. Perhaps,
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FIG. 1. Excretion of ['4C]putrescine by strains
FRAG-1, FRAG-5, 2K133, and 2K401m of E. coli in
media of high or low osmolarity. Cultures of each
strain were grown to an optical density of 0.400 at 600
nm in 60 mM K+ medium (5) containing 1 mg of
thiamine-hydrochloride per liter (Mann Research
Labs.). This K+ concentration allows all strains to
grow at the maximal rate. Samples (5 ml) were

incubated for 15 min at 37 C with 1 ,uCi of [1,4-
'4CJputrescine 2 hydrochloride (109 gCi/mg, New
England Nuclear Corp.), centrifuged at 37 C at about
2,000 x g for 10 min, and washed twice in 5 ml of 30
mM K+ medium. Cell pellets were then resuspended
by vigorous vortexing in 1.5 ml of 30 mM K+ medium.
At 15-s intervals 0.5 ml of culture were added to 9.5 ml
of 30 mM K+ medium (0) or 30 mM K+-0.632 M
sucrose medium (A; final sucrose concentration, 0.6
M). At various times after addition of cells to media,
1.0-mI samples were removed and pipetted into 1.0 ml
of the same medium on ice. Within 10 min the chilled
cell suspensions were collected on Schleicher and
Schuell filters (type B-6, pore size 0.45 fim, 25 mm in
diameter). Filters were then washed with 12 ml of ice
cold 0.15 M NaCI and counted in 5 ml of scintillation
fluid (5). Samples which were pipetted directly onto
filters and washed with warm 0.15 M NaCI produced
the same results.

a rapid rate of K+ entry is necessary to initiate
loss of putrescine.
The putrescine contents of each of the four

strains were determined. All strains grown in 60
mM K + medium contained high levels of
putrescine, similar to those of E. coli B (93-118
,umol of total putrescine/g of protein). Simi-
larly, all strains grown in the same medium
with the addition of sucrose to 0.6 M contained
low levels of putrescine (1.1-13 Amol/g of
protein). The spermidine contents were either
not affected or slightly reduced by growth in
media of high osmolarity.

It is possible that the translocation of putres-
cine is physically linked to one specific K+

TABLE 1. Effect of external potassium concentration
on the osmotically induced loss of [14Clputrescine by

mutants of E. colia

% of intracellular
14C lost in 5 min
in response to

Strain Genotype ~~high osmolarity
Strain Genotype (0.6 M sucrose)

1 11 30 60
mM bmMb mMh mM"

FRAG-1 Wild type 38 75 71 68
FRAG-5 kdpABC5 33 73 71 62
2K133 kdpABC5 trkA133 0 8.6 34 40
2K401m kdpABC5trkA4OI - 0 3.1 30

trkDl

aBacteria for all experiments were grown to an
optical density of approximately 0.400 in 60 mM K+
medium containing 1 mg of thiamine-hydrochloride
per liter. Cultures were labeled with [14C]putrescine
as described in the legend to Fig. 1, washed with
low-osmolarity media of the K+ concentration shown
in the table, and resuspended in the same media
either with or without 0.6 M sucrose present. Percent
losses were estimated at 5 min after osmotic stress as
the difference between 14C in high- and low-osmolar-
ity cultures.

b K + concentration.

transport system. If putrescine loss were linked
to either the kdp, trkA, or trkD systems (assum-
ing all three are distinct from each other), then
mutations in one of these alleles might have
drastic effects on the rate of putrescine loss.
However, it appears that each mutation has a
progressive effect on the rate of putrescine
excretion. If putrescine loss were linked to some
other K+ transport system not studied here,
then mutations in the trkA and trkD systems
should have no effect on putrescine loss. Since
they do affect the rate of excretion, the translo-
cation mechanism for putrescine is probably
linked to the rate of entry of K + into the cell and
not to one specific K+ transport system.

This conclusion is strengthened by the obser-
vations of Rubenstein et al. (6). These authors
described enhanced synthesis and excretion of
putrescine by K+-starved mutants of E. coli
which are leaky for K+. One of these mutants is
known to take up K + from the medium at an
increased rate (4). As shown here, mutants
deficient in transport of K+ lose putrescine at a
reduced rate. Thus, studies with both types of
mutants are consistent with the interpretation
that the rate of putrescine loss is dependent on
the rate of K+ uptake.
We are indebted to Wolfgang Epstein of the Department of

Biochemistry, University of Chicago, for the gift of strains
FRAG-1, FRAG-5, 2K133, and 2K401m, and for discussion
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with us of his experiments with these strains. We thank Frank
Harold for valuable discussions during the course of this work
and Kitty Hercules and Judith L. Munro for critical reading
of the manuscript.

This research was supported by National Science Founda-
tion grants GB-21413 and GB-8267.

LITERATURE CITED

1. Epstein, W., and M. Davies. 1970. Potassium-dependent
mutants of Escherichia coli K-12. J. Bacteriol.
101:836-843.

2. Epstein, W., and B. S. Kim. 1971. Potassium transport
loci in Escherichia coli K-12. J. Bacteriol. 108:639-644.

3. Epstein, W., and S. G. Schultz. 1968. Ion transport and

J. BACTERIOL.

osmoregulation in bacteria, p. 186-193. In L. B. Guze
(ed.), Microbial protoplasts, spheroplasts, and L-forms.
Williams & Wilkins, Baltimore.

4. Lubochinsky, B., J. Meury, and J. Stolkowski. 1964.
Cin6tique des 6changes de potassium chez l'Escherichia
coli, souche B207, qui ne peut croltre normalement qu'en
presence de concentrations 6lev6es en potassium.
C. R. Acad. Sci. 258:5106-5109.

5. Munro, G. F., K. Hercules, J. Morgan, and W. Sauerbier.
1972. Dependence of the putrescine content of Esche-
richia coli on the osmotic strength of the medium. J.
Biol. Chem. 247:1272-1280.

6. Rubenstein, K. E., E. Streibel, S. Massey, L. Lapi, and S.
S. Cohen. 1972. Polyamine metabolism in potassium-
deficient bacteria. J. Bacteriol. 112:1213-1221.


