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At low temperature, the synthesis of the colicin A lysis protein in Escherichia coli was slowed down, and
consequently its functioning was retarded. The rates were restored when the bacteria were shifted for 10 min
to 42&C, except in an rpoH mutant, suggesting that one or more proteins regulated by s32 is necessary for
expression of colicin A lysis protein.

The colicin A lysis protein, called Cal, is a lipopeptide re-
sponsible for the export of colicin A by Escherichia coli carry-
ing plasmid pColA. Its synthesis is performed in various steps,
like that of all bacterial lipoproteins (11). However, the rate of
its synthesis is particularly slow, allowing the detection of all
intermediate forms at any given time in the producing cells (6).
A similar slow rate of synthesis has been observed for another
lysis protein, the cloacin DF13 release protein (16). This rate
of synthesis is unique among exported proteins, and its cause is
unknown. The simultaneous presence of precursor and mature
forms of exported proteins is usually obtained by drastic means
such as gene mutations or use of drugs, which affect signifi-
cantly the life of the cell. It provokes the induction of the heat
shock response (20). Previous experiments have suggested that
Cal mimics the consequences of growth at elevated tempera-
tures and elicits the same responses (7). The fact that the
synthesis of Cal occurs similarly at 428C as at 378C (3) might
indicate that Cal induces the heat shock regulon at the normal
temperature. To verify this, the functioning and synthesis of
Cal were successively studied at both low and high tempera-
tures. Surprisingly, they were modified at low but not at high
temperature.
Quasi-lysis is delayed at low temperature. Quasi-lysis cor-

responds to a gentle decline in the turbidity of the culture
occurring 1 to 2 h after induction of every colicin lysis protein
(reviewed in reference 8). The effect of temperature was
checked on quasi-lysis provoked by Cal on cells carrying either
plasmid pColA9, which contains the wild-type colicin A operon
(14), or plasmid pCK4, which contains the cal gene under the
tac promoter (6) (Fig. 1). W3110/pColA9 cells grown at 308C
were induced for colicin A and Cal synthesis and incubated at
either 30, 37, or 428C. At each temperature, the turbidity first
increased with time along with the control cells and decreased
some time afterward. Both the timing and the rate of the
decline in the culture turbidity differed according to the tem-
perature of incubation. The decrease began after 1 h of induc-
tion at either 42 or 378C but only after 3 h at 308C. The rate of
decline in the culture turbidity was fast at 428C, a little less
rapid at 378C, and particularly slow at 308C. It seemed that Cal
did not stop the growth of the cells at 308C as efficiently as it
did at either 37 or 428C. Similar, although less significant,
results were obtained for induced W3110/pCK4 cells.

The experiments were repeated with cells with a missense
mutation in the pldA gene, which encodes the phospholipase A
of the outer membrane (2), as quasi-lysis provoked by either
colicin lysis protein is not obtained in this mutant (17). In
W3110 pldA cells (5) carrying pColA9, the turbidity of the
culture reached a plateau at 378C, declined gently at 428C, but
was like that of the uninduced cells at 308C. In pldA cells
carrying pCK4, the effects of temperature were less significant,
as the turbidity of the cells reached a plateau at 308C but much
later than at 378C (Fig. 1). Thus, quasi-lysis provoked by Cal in
the pldA mutant was affected by temperature as in the wild
type, although in a more discrete way, indicating no role of the
phospholipase A in that process.
Release of proteins is slowed down at low temperature. The

release of proteins promoted by Cal was checked by centrifu-
gation of the culture samples after 4 h of induction and analysis
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis of the cell pellets and the supernatants (Fig. 2). Co-
licin A released with various proteins by cells carrying pColA9
was assayed in order to quantify the release. Its amount was
smaller in the supernatant of cells incubated at 308C than in
the supernatant of cells incubated at high temperature. In
contrast, the amount of colicin A present in the cell pellets
incubated at 308C was about twice the amount found in cells at
378C and three times the amount in cells at 428C. Thus, at
308C, the release of proteins was incomplete in 4 h and cell
growth occurred before or during production of colicin A. The
amounts of the cellular proteins measured by densitometry
were higher at 308C than at other temperatures. The release of
proteins by induced cells carrying pCK4 was not as easy to
measure, as no specific protein is released. Densitometry of the
major protein EF-Tu (not shown) indicated that its amounts
were quite similar in the supernatants of cells induced at each
temperature. Its amount in the cell pellet, like the amounts of
other proteins, was higher than that found in the pellets of cells
incubated at either 37 or 428C, indicating that the cellular
content had increased at 308C.
Killing of cells is reduced at low temperature. At 308C, the

induction of Cal seemed to neither shut off protein synthesis
nor stop the growth of cells as it did at either 37 or 428C. A
measure of colony-forming ability indicated that 33% of
W3110/pColA9 cells present at time zero were alive after 4 h of
induction at 308C, whereas 0.002% survived after 3 h of induc-
tion at 428C. In induced cells carrying pCK4, killing was more
significant, as 0.6% were surviving at 308C and 0.006% were
surviving at 428C.
A critical concentration of Cal is thought to be needed for
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Cal functioning (6). The amount of Cal necessary for killing
may not be reached in time at low temperature to prevent cell
growth. The cellular content of Cal may be diluting in the
multiplying cells in such a way that the critical concentration of
Cal was slowly built up and the protein completed its functions
much later. It would be reached earlier in cells carrying pCK4
than in cells carrying pColA9, as these cells overproduce Cal
(6). Alternatively, a signal needed for the synthesis of Cal may
be either missing, inactive, or present in insufficient amounts at
308C at the time of induction but not later.
The level of the various forms of Cal varies as a function of

temperature. The amount of Cal synthesized was checked by
probing a Western blot (immunoblot) with rabbit polyclonal
antibodies (12) (Fig. 3). In the induced W3110 cells carrying

either pColA9 or pCK4, the three forms of Cal were detected
at all temperatures: the unmodified precursor form, pCal, the
modified precursor form, pCalm, and the mature form, Cal.
The signal peptide of Cal which is stable was not detected, as
the serum used did not contain antibodies against it. The
proportions of each form of Cal varied with the temperature.
Mainly, the level of pCal was weak at 308C and increased with
the temperature, being significant at 428C. The mature form of
Cal was the most abundant form, but its level was lower at 308C
than at 37 or 428C.
A heat shock increases quasi-lysis. When cells are shifted

from low to high temperature, a set of heat shock proteins is
induced (13, 21). To test whether these proteins influence the
synthesis and functioning of Cal, a shift-up in temperature was
performed during Cal induction at 308C. Quasi-lysis was ob-
tained earlier and was more pronounced on cells shifted during
10 min to 428C than on nonshifted cells (Fig. 4). The earlier the
shift in temperature, the greater the effect on quasi-lysis ob-
tained. Its effect was less significant on cells carrying pCK4
than on cells carrying pColA9. Almost similar results were
obtained after a shift-up to 378C (not shown).
The experiment was performed on cells mutated in the rpoH

gene, encoding the RNA polymerase sigma factor s32, which
specifically recognizes promoters of the two-thirds of the heat
shock genes (10). A shift-up in the temperature did not pro-
voke any change in the timing of quasi-lysis on E. coli 1320
rpoH cells (19) carrying either pColA9 or pCK4 (Fig. 4). Thus,
one or more proteins among the set of proteins under s32

control plays a role in either Cal expression or action.
A heat shock increases the synthesis of Cal. To determine

whether the observed change in quasi-lysis following a heat
shock was due to an altered rate of the synthesis of Cal, pulse-
chase experiments with [35S]methionine were performed as
described previously (3) (Fig. 5). The effect of temperature on
the kinetics of Cal synthesis was drastic in cells carrying
pColA9. At 428C, the synthesis was as reported previously (3):
pCal was the major protein labeled in 1 min and was chased
into pCalm; next, pCalm was chased into Cal and the signal
peptide, which both accumulated after 30 min of chase. At
308C, pCal was labeled in 1 min and slowly chased; both pCalm

and Cal were slightly detected. A heat shock provoked a sig-
nificant increase of both the rate and the level of Cal synthesis.
In cells carrying pCK4, every intermediate of the synthesis of
Cal was detected at each temperature (the signal peptide is not
shown on Fig. 5). Labeling of cells was stronger and chase of
pCal was faster at 428C than at 308C. At 308C, a heat shock
provoked an increase of the labeling of Cal. In cells carrying
either plasmid, the later the heat shock was performed, the less
significant was the increase in the level of Cal synthesis (not
shown).

FIG. 1. Effect of temperature on quasi-lysis provoked by Cal. W3110 (wild-
type [wt]) cells grown in LB at 308C were induced (closed symbols) with mito-
mycin C (300 ng/ml) for cells carrying pColA9 and with IPTG (1 mM) for cells
carrying pCK4 or left uninduced (open symbols) and incubated at either 308C (E,
F), or 378C (Ç, å), or 428C (h, ■). The A600 of the cultures was measured as a
function of time. The same experiments were performed with W3110 pldA cells.

FIG. 2. Influence of temperature on the release of proteins promoted by Cal.
W3110 cells carrying either pColA9 or pCK4 grown in LB at 308C were induced
for Cal synthesis and incubated at various temperatures as indicated. After 4 h of
induction, samples were centrifuged, and pellets (P) and supernatants (S) were
analyzed on SDS-gels. The gels stained with Coomassie blue are presented. The
position of the colicin A is indicated by an arrow. Numbers at the right represent
the molecular masses in kilodaltons of the standard proteins.

FIG. 3. Effect of temperature on the synthesis of the various forms of Cal.
W3110 cells carrying either pColA9 or pCK4 grown in LB at 308C were either
noninduced (ni) or induced for Cal synthesis and incubated at various temper-
atures as indicated. After 4 h of induction, samples (15 ml) were taken and
analyzed on a urea-SDS-gel. The Western blot of the bottom of the gel is
presented. The various forms of Cal are indicated: precursor form (E), modified
precursor form (F), and mature form ( ).
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The kinetics of Cal synthesis at 308C differed according to
the plasmid encoding Cal, in contrast to what is observed at
either 378C (6) or 428C (3). They were changed greatly in cells
carrying pColA9 but not so much in cells carrying pCK4, sug-
gesting a role of colicin A in the expression of Cal despite the
fact that colicin A is not required for Cal functioning (1).

Furthermore, a delay, increased at low temperature and de-
creased by a heat shock, may be involved in the expression of
the colicin A operon. A lag in the expression of the colicin E1
operon has been shown to be affected by growth conditions (9,
18).
EDTA and azide increase Cal synthesis and functioning at

low temperature. The effects of low temperature on Cal func-
tioning were somewhat similar as those of divalent cations: in
the presence of divalent cations, Cal provokes no quasi-lysis,
reduced killing, and slow release of proteins; EDTA has the
opposite effect (5). Both agents were tested on cultures in-
duced at 308C. In the presence of MgSO4 (20 mM), the tur-
bidity of induced cells was identical to that of control cells (not
shown); in the presence of EDTA (3 mM), it decreased earlier
and more significantly than the turbidity of untreated cells
(Fig. 6A).
Sodium azide was tested, as it is a specific and potent inhib-

itor of the SecA translocase (19) from which Cal has been
shown to be independent (3). Azide added to induced cells at
308C increased quasi-lysis (Fig. 6A).
The rate of Cal synthesis at 308C in the presence of either

EDTA or azide was measured by pulse-chase labeling on cells
carrying pColA9. Both the level and the rate of Cal synthesis
increased in the presence of azide and, more significantly, in
the presence of EDTA compared with untreated cells (Fig.
6B).
Thus, the retarded functioning of Cal observed at low tem-

perature was caused by a slowdown of its synthesis. This re-

FIG. 4. Effect of a shift-up of temperature on quasi-lysis promoted by Cal.
W3110 (wild-type [wt]) cells carrying either pColA9 or pCK4 grown in LB at
308C were induced (closed symbols) for Cal synthesis or left uninduced (open
symbols) and incubated at 308C. At various times of induction, samples were
incubated at 428C for 10 min. The same experiment were performed with 1320
rpoH cells. Absorbance of the cultures was measured as a function of time for
cells incubated at 308C without a shift (E, F) and with a shift at 0 min (}), at 30
min (å), and at 60 min (■). Absorbance of the shifted control cells is not
indicated for the sake of clarity but does not differ greatly from that of unshifted
cells.

FIG. 5. Effect of a heat shock on the synthesis of Cal. W3110 cells carrying
either pColA9 or pCK4 grown at 308C in M9 medium with lactate as a carbon
source were incubated at either 30 or 428C after induction for Cal synthesis. At
time zero of induction, a sample of cells was incubated at 428C for 10 min and
returned to 308C (308C 1 HS). Labeling was done with [35S]methionine for 1
min. After various times of chase as indicated, samples were taken and analyzed
on a urea-SDS-gel. The relevant part of the fluorogram is shown. The various
forms of Cal are indicated: precursor form (E), modified precursor form (F),
mature form ( ), and signal sequence (,).

FIG. 6. Effect of azide and EDTA on quasi-lysis and synthesis of Cal at low
temperature. (A) W3110 (wild-type [wt]) cells carrying either pColA9 or pCK4
grown in LB at 308C were induced (closed symbols) for Cal synthesis or left
uninduced (open symbols) and incubated at 308C in the presence or absence of
either EDTA (3 mM) or sodium azide (3 mM). Absorbance of the cultures was
measured as a function of time for cells incubated at 308C without treatment (E,
F) and treated with EDTA (h, ■) and sodium azide (Ç, å). (B) W3110/pColA9
cells grown in M9 medium at 308C were incubated at 308C after induction by
mitomycin C in the presence or absence of either sodium azide or EDTA.
Labeling was done with [35S]methionine for 1 min. After various times of chase
as indicated, samples were taken and analyzed on urea-SDS-gel. The relevant
part of the fluorogram is shown. The various forms of Cal are indicated: pre-
cursor form (E), modified precursor form (F), mature form ( ), and signal
sequence (,).
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duced synthesis may be due to either an altered stability of one
form of Cal or a stable association at 308C of pCal with a
protein. A stable interaction with a chaperone has been sug-
gested for the precursor of truncated derivatives of Cal (4). A
heat shock would either inactivate the protease(s) or dissociate
the chaperone interaction, as would treatment with either
EDTA or azide.
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