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Escherichia coli incubated in balanced salt solution with glucose as a carbon
source but no nitrogen source exhibit a marked step-up of macromolecular
synthesis when various non-bactericidal tissue extracts, or fractions thereof, are

added. When disrupted granulocytes that cause rapid loss of viability are added,
a step-up is also observed; i.e., incorporation of labeled precursors into
ribonucleic acid is stimulated more than 15-fold, and incorporation into protein
and deoxyribonucleic acid about twofold. This stimulation of macromolecular
synthesis is still evident 30 min after more than 95% of the E. coli have lost their
ability to multiply. Stimulation by disrupted granulocytes of ["4C ]leucine
incorporation into E. coli protein occurs over a wide range of leucine concentra-
tions but is usually eliminated by adding a Casamino Acids mixture or another
more complete medium. The substance(s) in tissue homogenates that
trigger step-up is heat stable and dialyzable. Thus, E. coli exposed to the
bactericidal and digestive components of disrupted granulocytes and no longer
capable of division maintain their ability to regulate macromolecular synthesis in
response to changes in nutritional conditions for at least 1 h.

Recently we have shown that macromolecular
synthesis by Escherichia coli continues for at
least 1 h after these microorganisms have been
ingested and killed in vitro by polymorphonu-
clear leukocytes. In contrast, under similar
conditions of rapid killing, other microorga-
nisms such as Micrococcus lysodeikticus and
Bacillus megaterium almost immediately lose
their ability to carry out integrated biochemical
activity (3). We attributed the difference in the
fates of the biochemical apparatus of these
microorganisms to differences in the extent of
structural disorganization during phagocytosis;
i.e., the envelope of E. coli remains grossly
intact and thereby protects the metabolic ma-
chinery. This contention is supported by the
finding that degradation of bacterial mac-
romolecular constituents is only partial (1-3, 6)
and by unpublished observations indicating
that killing of E. coli by granulocytes does not
result in releese of soluble beta-galactosidase.

It has been well established that the nutri-
tional conditions that determine the rate of
growth strongly influence the rate of bacterial
macromolecular synthesis (5). Thus, upon
transfer of a bacterial population from a defi-
cient medium to an enriched one, a "step-up"
and, upon transfer from an enriched medium to

a nutritionally poor medium, a "step-down" in
macromolecular synthesis ensue. Similarly, in
more specific terms, adding of an appropriate
inducer results in the drastically increased syn-
thesis of a particular enzyme. These shifts in
rate of macromolecular synthesis are exceed-
ingly rapid and reflect an extraordinarily effec-
tive metabolic adjustment to environmental
changes.
Our recent demonstration of persistence of

inducibility of beta-galactosidase during phago-
cytosis (3) already provides evidence that at
least some control mechanisms remain opera-
tive in E. coli being killed by granulocytes. We
extended these observations and now show that
E. coli during rapid killing by disrupted granu-
locytes not only continue macromolecular syn-
thesis after most organisms can no longer di-
vide, but also remain capable of a general
step-up in macromolecular synthesis in re-
sponse to nutrients present in the disrupted
granulocytes.

MATERIALS AND METHODS
The procedures have recently been published (3)

and will only be described in outline.
Granulocytes. Granulocytes were obtained from

sterile peritoneal exudates produced in rabbits. Ho-
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mogenates were prepared from concentrated suspen-
sions of granulocytes in distilled water by using a
Potter-type homogenizer with a motor-driven Teflon
pestle. The effectiveness of the disruptive procedure
was monitored by phase-contrast microscopy. Frac-
tions of the disrupted granulocytes were prepared by
centrifugation as indicated in the text.
Growing and radioisotopic labeling of bacteria.

E. coli W was grown, and where indicated labeled
with [1- "C]leucine during growth, in minimal me-
dium buffered with triethanolamine (TEA growth
medium) at pH 7.9 as previously reported (7).

Incubation procedure. E. coli and disrupted gran-
ulocytes (or fractions thereof) were incubated in a
ratio of 20: 1, unless indicated otherwise. Typical
incubation mixtures contained 5 x 108 E. coli and 2.5
X 107 disrupted granulocytes in a total volume of 0.5
ml of sterile Hanks solution, buffered at pH 7.4 with
tris(hydroxymethyl)aminomethane-maleate in a final
concentration of 0.04 M. Although disrupted granulo-
cytes are essentially incapable of incorporating la-
beled precursors into cellular protein or other mac-
romolecules, cycloheximide in a concentration of 0.5
mM was added to all incubation mixtures to exclude
participation of the mammalian cellular biochemical
apparatus in any protein synthesis.

Synthesis of bacterial protein, deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA) was deter-
mined by following, respectively, the appearance of
["C ]leucine (International Chemical and Nuclear
Corp.), diluted to a specific activity of 5.8 mCi/mmol,
of [2-14C thymidine (Amersham-Searle Co.), diluted
to a specific activity of 20 mCi/mmol (1), and of
[2-"4C]uracil (New England Nuclear Corp.), diluted
to a specific activity of 2.2 mCi/mmol, into acid-
precipitable material. These precipitates were pre-
pared by transferring 0.1-ml samples into test tubes
that contained 2 ml of ice-cold 10% trichloroacetic
acid. Filtering, washing, and counting of the radioac-
tivity of the acid precipitates were carried out as
recently described (3).
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Viability of bacterial populations was examined by
using standard culture procedures.

RESULTS
It has been observed by Hirsch that E. coli are

as readily killed in vitro by disrupted granulo-
cytes as by intact polymorphonuclear leuko-
cytes (4). Similarly, in these experiments after
15 min of incubation of 5 x 108 E. coli with 2.5
x 107 disrupted granulocytes, 10% or less of the
E. coli population could still divide, and after 30
min fewer than 5% were capable of multiplica-
tion. Nevertheless, leucine incorporation into E.
coli protein continues, as does the synthesis of
beta-galactosidase upon addition of inducer (3).
After preincubation of E. coli and broken leuko-
cytes for 0, 15, or 30 min (so that different
degrees of destruction had taken place before
addition of labeled leucine), incorporation of
radioactivity into bacterial protein did not fall
below control levels until after 30 min of prein-
cubation (Fig. 1). In fact, it appears that
labeling of E. coli protein was stimulated after 0
and 15 min of preincubation, even though
degradation of previously labeled protein was
increased during killing by the disrupted granu-
locytes (Table 1). Stimulation of leucine incor-
poration by bactericidal concentrations of dis-
rupted granulocytes (in the presence of cy-
cloheximide) did indeed occur. This stimulation
depended upon the ratio of granulocytes and
bacteria (Fig. 2 and 3). Leucine incorporation
by 5 x 10 E. coli was enhanced at granulocyte
concentrations ranging from 5 x 106 to 2.5 x 107
per 0.5 ml of incubation mixture (Hanks me-
dium) (Fig. 2). Higher concentrations of granu-

15 Min. Preincubaton 30 Min. Preincubation

Minutes
FIG. 1. Effect of preincubation with disrupted granulocytes on [14C ]leucine incorporation by E. coli.

Incubations were carried out in Hanks solution as described in Materials and Methods. Results are expressed as
percentage of leucine incorporation by E. coli alone at 30 min and presented as mean standard error of the
mean (dashes). Determination of colony-forming units after 30 min of incubation with granulocyte homoge-
nates showed less than 5% surviving organisms. Preincubation for 15 and 30 min (total incubation, 45 and 60
min) caused little additional killing.
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TABLE 1. Net loss of acid-precipitable radioactivity from [1-14C]leucine-, [2-14CJuracil-,
[2-"4C]thymidine-labeled E. coli constituents during killing of E. coli by disrupted granulocytesa

Label

Incubation time Leucine Uracil Thymidine
(min)

E. coli alone E. coli plus E. coli alone E. coli plus E coli alone E. coli plus
granulocytes granulocytes granulocytes

0 100 100 100 100 100 100
15 99.8 1.1 77.4 8.4 88.6 10.5 86.4 5.1

(5) (3) (3) (4)
30 96.2 2.2 82.5 6.6 85.2 10.3 83.0 i 4.4

(8) (5) (3) (4)
60 94.5 1.7 80.4 + 5.1 88.4 6.4 79.9 i 8.5 86.3 5.8 80.1 4 2.7

(10) (5) (6) (3) (3) (4)
120 92.0 9.8 72.5 8.1 80.6 + 3.7 77.1 3.6

(3) (3) (3) (4)
300 79.3 4 4.3 73.7 1.3

l______________________________________ ___________ ___________ (3) (3)

aLabeling of E. coli during growth and determination of acid-precipitable radioactivity were carried out as
recently described (3). All samples contained 5 x 106 E. coli and 2.5 x 107 disrupted granulocytes in 0.5 ml of
incubation mixture. Loss of acid-precipitable radioactivity (percent of zero-time values) is presented as mean +
standard error of the mean of the indicated number of observations (in parentheses).
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FIG. 2. Effect of number of disrupted granulocytes
on stimulation of [14C]leucine incorporation by E.
coli. Results are expressed as in Fig. 1. The number of
surviving organisms, on the average, was 50% with 10'
disrupted granulocytes, 4% with 4 x 10", 16% with 1.5
x 107, 3% with 3 x 107, and less than 1% with 6 x 107
granulocytes after incubation for 30 min.

locytes may depress labeling of E. coli protein.
The effect of increasing numbers of bacteria on
stimulation of E. coli protein synthesis by a
fixed number of disrupted granulocytes is de-
picted in Fig. 3. Stimulation was as pronounced
at 30 min as at 60 min over a range of E. coli
concentrations from 5 x 107 to 1 x 10w, but was
no longer evident at 5 x 109 E. coli per 2.5 x 107
granulocytes.
The stimulatory effect of disrupted granulo-

cytes on leucine incorporation by E. coli is seen

over a 20-fold range of leucine concentrations.
At 1.3 mM, leucine incorporation approached a
plateau both in the absence and in the presence
of disrupted granulocytes (Fig. 4).

Figure 5 shows the effect of bactericidal
concentrations of disrupted granulocytes on
incorporation of [14C ]thymidine and ["4C ]uracil
into nucleic acids of E. coli in Hanks medium.
Stimulation of thymidine incorporation was of
approximately the same magnitude (about two-
fold at 30 min) as shown above for leucine
incorporation; uracil incorporation, on the other
hand, was increased many fold at 30 min.

It should be noted that increased incorpora-
tion of labeled thymidine and uracil occurs in
the face of a moderately enhanced loss of
radioactivity from previously labeled E. coli
DNA and RNA in the presence of disrupted
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FIG. 3. Effect of number of E. coli on stimulation
by disrupted granulocytes of [14C]leucine incorpora-
tion by E. coli. Leucine incorporation into E. coli
protein is shown as counts per minute in acid-precipi-
table material (3).
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}f Coll alone EColl +disruped such as a change in permeability of the E. coli
granulocytes envelope, associated with killing. On the other
- - ^- hand, until high cell concentrations were

reached the damage that had to accompany3-60 mins killing did not alter the stimulatory effect of
4'o _bactericidal concentration of disrupted granulo-

cytes when compared with a non-bactericidal
supernatant fraction (Fig. 6).

0- We have not yet identified the substance(s)
30mins that causes the stimulation by tissue homoge-

nates. The effect was seen after boiling and even
after autoclaving the tissues or fractions pre-

, pared from them. This finding and the presence
0.2 10 2.0 3.0 of the activity in all tissues examined so far

E[-Leucine] (mM) suggested a nonspecific component(s) probably
Effect of leucine concentration on stimula- of small molecular size. This is indeed the case,

rrupted granulocytes of leucineincorporas indicated by the observation that equilib-
coli. L eucine incorporationis expressed as rium dialysis for 2 h of an autoclaved superna-incorporatedper 5 x 108 E. coli. tant fraction of a granulocyte homogenate (ob-tained by centrifugation at 20,000 x g for 20

Urocil min) resulted in almost complete equilibration
of the stimulatory agent(s) (Table 3). Exhaus-

T 0 E Cot,alone tive dialysis resulted in loss of activity.
T Thymidene Among a number of substances added to.5 2000- I 500-
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FIG. 5. Effect of disrupted granulocytes on incor-
poration of [l4C Ithymidine and [14C ]uracil by E. coli.
The experiments were carried out as described in
Materials and Methods and in a recent publication
(3). Results are expressed as in Fig. 1.

granulocytes (Table 1). The much greater stim-
ulatory effect on uracil incorporation than on
leucine or thymidine incorporation closely re-

sembles the step-up phenomenon described by
Neidhardt and Magasanik (5). The following
observations support this contention. (i) In a
supplemented medium, uracil incorporation
was no longer increased in the presence of
granulocytes. In fact, in many experiments a

reduction was observed in incorporation of ura-

cil or leucine of approximately 30% (Table 2).
(ii) Other tissue homogenates (brain, kidney,
liver) that are not bactericidal, and supernatant
fractions of granulocyte homogenates obtained
by centrifugation for 1 h at 100,000 x g that do
not have bactericidal activity, also stimulated
in Hanks solution but not in the enriched
medium. Thus, the stimulatory effects on mac-

romolecular synthesis by E. coli did not depend
on some damage exerted by the granulocyte,

TABLE 2. Effect of an autoclaved supernatant
fraction of disrupted granulocytes on [2-"4C]uracil
incorporation by E. coli in a nutrient-poor or a

supplemented mediuma

Acid-pre-
Medium cipitable %counts!

min

Hanks solution" .................. 2,060 100
Hanks solution plus granulocyte

fraction (1.25 x 107) ............ 7,480 363
Hanks solution plus granulocyte

fraction (2.5 x 107) ............. 14,060 683
Hanks solution plus TEA growth
mediumc ......... 31,290 1,520

Hanks solution plus TEA growth
medium plus granulocyte fraction
(1.25 x 107) .................... 18,730 910

Hanks solution plus TEA growth
medium plus granulocyte fraction
(2.5 x 107) ..................... 21,210 2,030

aIncubation mixtures of 0.25 ml contained 2.5 x
108 E. coli and 1.25 x 107 or 2.5 x 107 cell equivalents
of a heat-treated (120 C at 2.7 kg/cm2) 20,000 x g (20
min) supernatant fraction of disrupted granulocytes.
Mixtures were preincubated for 30 min before adding
105 disintegrations/min [2- '4C ]uracil (50 Asg). Incuba-
tion was carried out for 30 min, and the reaction was
stopped by adding 2 ml of ice-cold 10% trichloroacetic
acid.

'Final concentration of glucose (4 mM), Ca2+ (0.8
mM), Mg2+ (0.8 mM).

c Final concentration of (NH4)2SO, (80 mg per 100
ml), lactate (200 mg per 100 ml), Casamino Acids (80
mg per 100 ml).
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FIG. 6. Comparison of stimulation of [14C]uracil
incorporation into E. coli RNA by disrupted granulo-
cytes (bactericidal) and by a granulocyte supernatant
fraction (non-bactericidal). The supernatant fraction
was prepared by centrifugation of disrupted granulo-
cytes at 20,000 x g for 20 min. This fraction was

exposed to 120 C and a pressure of 2.7 kg/cm2 for 15
min. Disrupted granulocytes, 0; supernatant frac-
tion, 0. For number of surviving E. coli after 30 min of
incubation with increasing concentration of disrupted
granulocytes, see legend to Fig. 2.

TABLE 3. Dialyzability of the stimulatory activity in
an autoclaved supernatant fraction of disrupted
granulocytes on uracil incorporation by E. coli

Acid precipitable
counts/min after

E. coli treatment incubation for:

30min 60min

Alone in Hanks solution ....... 225 665
Plus granulocyte fraction

(0.05 ml) ......... ......... 5,470 6,865
Plus granulocyte fraction

(0.1 ml) .................. 8,685 9,025
After dialysis for 2 ha

Plus 0.1 ml of contents of
chamber A ............... 5,850 6,630

Plus 0.1 ml of contents of
chamber B ............... 5,040 5,255

a Dialysis was carried out in a Plexiglas cell (Arthur
H. Thomas Co., Philadelphia, Pa.) consisting of two
1-ml compartments separated by a single layer of
dialysis tubing (average pore diameter, 4.8 nm). At
time zero, compartment A received 1 ml of autoclaved
supernatant fraction and compartment B received 1
ml of tris(hydroxymethyl)aminomethane-maleate
buffer (pH 7.4). After shaking for 2 h at 37 C, 0.1-ml
samples were taken for assay of stimulatory effect on
[14C Juracil incorporation into E. coli RNA as de-
scribed in the legend of Fig. 5. Identical results were
obtained in the presence of 100 mM KCI.

Hanks medium, including Mg2+ (4 and 20 mM),
Ca2+ (4 and 20 mM), lactate (0.2 g per 100 ml),
NH4SO4 (0.1 g per 100 ml) and Casamino Acids
(0.2 g per 100 ml), only the amino acids mark-
edly stimulated uracil incorporation by E. coli.
In numerous experiments, the stimulatory ef-
fect of disrupted granulocytes and of non-bac-
tericidal fractions thereof was no longer seen in
the presence of added amino acids. However, on
occasion we have observed an additive stimula-
tory effect of Casamino Acids or complete TEA
growth medium plus an autoclaved supernatant
fraction of a granulocyte homogenate (tested in
amounts representing 2.5 x 107 and 5 x 107
granulocyte equivalents). Stimulation may be
caused, therefore, by dialyzable tissue compo-
nents other than or in addition to amino acids or
small peptides.

DISCUSSION
The transfer of a population of bacteria from

a nutrient-deficient to an enriched medium is
very rapidly followed by a step-up of mac-
romolecular synthesis (5), presumably reflect-
ing preparation for growth under more favorable
conditions.
That this step-up phenomenon was also seen

in these experiments when the incubation me-
dium (Hanks balanced salt solution plus glu-
cose) was supplemented with tissue homoge-
nate is not surprising. It is unexpected, how-
ever, that fractions of granulocytes that are
rapidly bactericidal permit the E. coli to make
as immediate and extensive a metabolic adjust-
ment as observed with fractions devoid of bacte-
ricidal activity. (We have also observed stimu-
lation of leucine incorporation in deficient me-
dium by other E. coli strains and other gram-
negative microorganisms exposed to bacteri-
cidal concentrations of granulocyte homogen-
ates.)
We have recently reported that during phago-

cytosis of E. coli by intact granulocytes, mac-
romolecular synthesis, including synthesis of
beta-galactosidase upon addition of inducer,
continues for at least 1 h after more than 95% of
the E. coli can no longer multiply (3). We have
provided evidence suggesting that this preserva-
tion of functional activity reflects the inability
of the granulocyte to rapidly and extensively
degrade the ingested E. coli envelope. Thus,
during the initial hour the metabolic machinery
of E. coli remains protected and, to a considera-
ble extent, intact. The ability of E. coli, killed
by disrupted granulocytes, to express previously
repressed genetic loci (as evidenced by induc-
tion of beta-galactosidase) and to step up mac-
romolecular synthesis, apparently because of
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addition of simple nutrients, provides further
evidence that granulocytes can cause loss of
ability to multiply without gross structural and
biochemical impairment.
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