
JOURNAL OF BACTERIOLOGY,
0021-9193/99/$04.0010

Oct. 1999, p. 6292–6299 Vol. 181, No. 20

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Analysis of Protein Synthesis Rates after Initiation of
Chromosome Replication in Escherichia coli
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The aim of this study was to investigate whether the synthesis rates of some proteins change after the
initiation of replication in Escherichia coli. An intR1 strain, in which chromosome replication is under the
control of an R1 replicon integrated into an inactivated oriC, was used to synchronize chromosome replication,
and the rates of protein synthesis were analyzed by two-dimensional polyacrylamide gel electrophoresis of
pulse-labeled proteins. Computerized image analysis was used to search for proteins whose expression levels
changed at least threefold after initiation of a single round of chromosome replication, which revealed 7 out
of about 1,000 detected proteins. The various synthesis rates of three of these proteins turned out to be caused
by unbalanced growth and the synthesis of one protein was suppressed in the intR1 strain. The rates of
synthesis of the remaining three could be correlated only to the synchronous initiation of replication. These
three proteins were analyzed by peptide mass mapping and appeared to be the products of the dps, gapA, and
pyrI genes. Thus, the expression of the vast majority of proteins is not influenced by the state of chromosome
replication, and a possible role of the replication-associated expression changes of the three identified proteins
in the cell cycle is not clear.

A bacterial cell has to grow and duplicate its constituents
before it can divide and give rise to two new daughter cells.
Initiation of chromosome replication, partitioning of the sister
chromosomes, septum formation, and cell division occur at
specific times in the cell cycle (31), but the mechanisms con-
trolling the timing of these events are poorly understood. It is
possible that the occurrence of these cell cycle events partially
requires, or induces, changes in synthesis rates of specific pro-
teins at certain times in the cell cycle, as has been found for
eukaryotic cells (3).

In the gram-negative bacterium Caulobacter crescentus, sev-
eral proteins have been shown to be differentially synthesized
during the cell cycle (8, 21). A recent two-dimensional poly-
acrylamide gel electrophoresis (2-D PAGE) analysis revealed
that about 14% of the proteins detected in synchronized cells
are expressed in a cell cycle-specific fashion (12a). In Esche-
richia coli, the synthesis rates of some outer membrane pro-
teins (7), as well as the transcription rates of ftsZ (12, 33), gidA,
mioC, dnaA (6, 23, 29), dam, mukB, seqA, iciA (32), and the nrd
operon (28), have been shown to vary during the cell cycle. In
contrast to the results obtained for C. crescentus, a 2-D PAGE
analysis did not detect differential protein expression during
the E. coli cell cycle (20). It is possible that the 2-D PAGE
approach was not sensitive enough to identify cell cycle-specific
protein synthesis. The 2-D PAGE technique has been im-
proved, and the development of computerized image analysis
has facilitated the analysis of complex protein spot patterns on
2-D PAGE gels. Another difficulty in studying cell cycle-re-

lated protein expression is to accurately synchronize large
enough amounts of E. coli cells to allow detection of the pro-
teins on a 2-D PAGE gel. This can be achieved with an E. coli
intR1 strain, in which the initiation of replication is uncoupled
from its cell cycle control, thereby enabling accurate synchro-
nization of chromosome replication (but not cell size) of large
populations by using relatively small temperature shifts (5). By
using the intR1 strain MG::71CW(pOU420) and 2-D PAGE
combined with computerized image analysis, we found that the
expression of the vast majority of proteins does not change
during the cell cycle. Out of about 1,000 proteins detected on
the 2-D gels, 3 that had replication-associated expression
changes were identified. These three proteins were analyzed by
peptide mass mapping and appeared to be the products of the
dps, gapA, and pyrI genes.

MATERIALS AND METHODS

Bacterial strains. The intR1 strain MG::71CW(pOU420), derived from
MG1655 (4), was used to synchronize initiation of replication (5). The intR1
strains are oriC mutants in which a part of the essential oriC sequence has been
replaced by an R1 miniplasmid, pOU71 (Ampr). Thus, oriC is inactivated in
these strains and chromosomal replication is governed by the plasmid R1 repli-
con (17). The strain MG::71CW(pOU420) also contains the nonintegrated plas-
mid pOU420 (Cmr), which results in temperature-dependent initiation of chro-
mosome replication (5). At 40°C, initiation of replication is at a wild-type level,
whereas at 36°C, initiation of replication is inhibited.

Media and growth conditions. The bacteria were grown aerobically in M9
minimal medium (25) containing 0.2% (wt/vol) glucose in thermostatically con-
trolled rotary water baths (Heto) with a maximum deviation of 0.2°C at 100 rpm.
Chloramphenicol (50 mg/ml) and ampicillin (20 mg/ml) were added for the
MG::71CW(pOU420) strain. Cell density was measured by spectrophotometry
with an LKB Novaspec II spectrophotometer at 550 nm.

Synchronization of replication. In order to initiate a synchronous single round
of replication in an MG::71CW(pOU420) culture, basically the same procedure
was used as described for EC::71CW(pOU420) (5). The cells were grown expo-
nentially for at least 10 generations at 40°C. At an optical density at 550 nm of
0.040, the culture was shifted to 36°C for 150 min to inhibit initiation of chro-
mosome replication and allow for completion of replication. The culture was
then shifted to 40°C for 8 min to initiate one round of replication and thereafter
returned to 36°C in order to block any further initiation (5).

Flow cytometry. Synchronized cultures were monitored by flow cytometry (27).
Cells of a growing culture (60 ml) were fixed directly in 1 ml of 99.5% ethanol
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plus 350 ml of 10 mM Tris (pH 7.5) and then stored at 4°C. The fixed cells were
stained for flow cytometry as described previously (5) and analyzed with a Bryte
HS flow cytometer (Bio-Rad).

Radioactive labeling. At the appropriate time points, 6-ml aliquots of the
culture were pulse-labeled for 7 min with 0.4 ml of 14C-amino acid mix
(NEC445E; DuPont) and then chased for 2 min with 0.5 ml of nonradioactive
amino acid mix, containing a 0.5-mg/ml concentration each of A, D, E, F, G, H,
I, K, L, P, R, S, T, and Y (21). The labeled cells were immediately frozen in liquid
nitrogen and stored at 220°C.

2-D PAGE. Several 2-D PAGE gels were made, and four high-quality gels per
time point were subjected to image analysis. Samples for pulse-labeling were
taken from two independent experiments, and each sample was used for two
independent gels. 2-D PAGE (11) was performed with Millipore Investigator
equipment and chemicals according to the manual provided by Millipore. (The
Investigator system and chemicals are now provided by Genomic Solutions, Inc.,
Chelmsford, Mass., but are referred to as Millipore products.) Protein extracts
were prepared by boiling the cells in small amounts of sodium dodecyl sulfate
(SDS) (Serva) before adding the high-molar-concentration urea solution accord-
ing to the sample preparation method for bacteria in the Investigator manual.
The first-dimension gels were focused to equilibrium for 18,000 V z h and
contained ampholytes at pH 3 to 10 (3-10 2D; Millipore) and 10 mM ChapsO
(Merck). The second-dimension slab gels contained 12% Duracryl (0.65% bis;
Millipore) and analytic-grade C12 SDS. The amount of proteins loaded onto each
gel was normalized by the optical density of the culture at the time of sampling.
It was not necessary to load exactly the same amount of radioactivity on each 2-D
PAGE gel, as the intensity differences between the gels were normalized by the
computer software used for the analysis (see below). The gels were dried on
Whatman paper and exposed to storage phosphor screens (Molecular Dynamics)
for 7 days, and proteins containing radioactivity were detected with a storage
phosphorimager (Molecular Dynamics) at a resolution of 176 mm per pixel.

Computerized image analysis. 2-D Analyzer 6.1 software (BioImage) was used
for spot detection, quantification of the spot intensities, gel matching, and sta-
tistical analysis. The intensity of a spot reflects an arbitrary, relative unit for the
rate of protein synthesis. To correct for intensity differences between the 2-D
PAGE autoradiograms, each gel was normalized to the same reference gel by
multiplying all its spot intensities with the ratio between the total gel intensities
of the test gel and the reference gel. Intensity changes were considered to be
significant when the mean values of a spot had an intensity ratio larger than three
and a t test level of significance of 0.05 for two time points, or when a spot could
not be detected at one time point. We decided that the intensity ratio must be
larger than three because the mean relative standard error of the spot intensities
was 15.8%, where the ratio of the two extreme values of the 95% confidence
interval with 3 df is 3. All candidate spots were checked on the gels by eye and
those with insufficient quality were deselected. The isoelectric points (pI) and
molecular weights (MW) were estimated from the positions of comigrated 2-D
PAGE marker proteins with known pI and MW (Bio-Rad).

Reverse staining of SDS-polyacrylamide gels. The 2-D PAGE gels were
stained essentially according to the imidazole-SDS-Zn reverse staining method
developed by Fernandez-Patron et al. (10). After electrophoresis the gels were
washed twice for 15 min each in distilled water and then soaked in a solution
containing 0.2 M imidazole and 0.1% SDS for 15 min with gentle shaking. This
solution was discarded and the gels were incubated in 0.2 M ZnSO4 solution until
the gel background became white (after approximately 30 to 60 s). This reaction
was stopped by washing the gels three times in distilled water. The protein spots
of interest were cut out of the gels and were stored in distilled water at 4°C. Prior
to protein identification, the gel pieces were soaked in 25 mM Tris-HCl–100 mM
dithiothreitol (pH 8.3) solution (10) until they became transparent again.

Protein identification. The procedures described by Shevchenko et al. (26)
were used to identify the individual proteins. Briefly, the gel pieces were washed
with 50 mM NH4HCO3-acetonitrile (1:1) followed by dehydration with acetoni-
trile and drying by vacuum centrifugation. The proteins were reduced with 200 ml
of 10 mM dithiothreitol–50 mM NH4HCO3 for 1 h at 56°C and alkylated in 200
ml of 55 mM iodoacetamide–50 mM NH4HCO3 for 15 min. The gel pieces were
washed several times in 50 mM NH4HCO3 followed by dehydration with aceto-
nitrile and drying by vacuum centrifugation. The proteins were digested over-
night with modified trypsin (Promega) at 37°C. A small aliquot of the generated
peptide mixtures was analyzed by matrix-assisted laser desorption ionization–
time of flight mass spectrometry on a Voyager-DE STR instrument (Perceptive
Biosystems, Framingham, Mass.). The remaining peptides were extracted with 25
mM NH4HCO3-acetonitrile (1:1) followed by extraction with 25 mM
NH4HCO3–5% formic acid. The combined extracts were dried by vacuum cen-
trifugation. Peptide mixtures were purified on purification capillaries with PO-
ROS R2 perfusion chromatography material. The peptides were eluted in 50%
MeOH–5% HCOOH directly into the nanospray capillary by centrifugation and
analyzed on a prototype QqTOF mass spectrometer (Sciex, Toronto, Canada)
equipped with a nanoelectrospray source (Protana A/S, Odense, Denmark).
Proteins were identified by checking a nonredundant sequence database con-
taining more than 320,000 entries by using the determined peptide masses and
the partial amino acid sequences (peptide sequence tags) deduced from the
tandem mass spectra. The search software used was PepSea version 1.1 (Protana
A/S).

RESULTS

Synchronization of replication in MG::71CW(pOU420). In
the intR1 strain MG::71CW(pOU420), chromosome replica-
tion is under the control of an integrated R1 miniplasmid.
Initiation of replication is temperature dependent and can be
reversibly turned on and off by temperature shifts of 4°C, such
that the entire population is synchronized with respect to ini-

FIG. 1. Flow cytometry data showing the DNA distribution of an MG::71CW
(pOU420) culture with synchronized replication. A culture growing exponen-
tially in M9 medium at 40°C was shifted to 36°C at time zero. After 150 min, the
culture was shifted to 40°C for 8 min and then returned to 36°C. The samples
were taken at the times (in minutes) indicated in the upper right corners of the
panels. About 24,000 cells were counted in each sample. chrom., chromosome.
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tiation of chromosome replication without large secondary ef-
fects due to heat and cold shock responses (5).

To synchronize the initiation of replication in MG::71CW
(pOU420), the cells were essentially grown as described for
strain EC::71CW(pOU420) (5). To block initiation of chromo-
some replication and allow subsequent completion of ongoing
replications, an exponentially growing culture was shifted from
40 to 36°C (time zero) and incubated for 150 min (5). To
initiate one round of chromosome replication, the culture was
then shifted to 40°C for 8 min, and it was returned to 36°C for
the rest of the experiment to inhibit further initiations. Flow
cytometry data of a synchronized culture (Fig. 1) showed that

10 min before the transient temperature upshift (140 min after
the downshift to 36°C), most cells (60 to 70% of the popula-
tion) contained one chromosome. After the temperature up-
shift, the DNA content peak gradually increased to two chro-
mosome equivalents for a little more than 40 min (until 190
min). It then remained stable at this position until 60 min after
the temperature upshift (210 min), when a new peak at one
chromosome equivalent appeared. This peak increased stead-
ily until 120 min after the temperature upshift (270 min), when
about half of the population contained one chromosome and
the other half contained more DNA.

With the short temperature upshift after the completion of

FIG. 2. 2-D PAGE autoradiogram of a 7-min pulse 50 min after initiation of a single round of replication in strain MG::71CW(pOU420). About 1,000 spots were
detected on the gel. Spots 1 to 7 show significant changes in their intensities after synchronous initiation of replication in MG::71CW(pOU420). Proteins A, B, and
C are intR1 specific. Protein a was chosen as an example of replication-independent protein synthesis. The heat shock proteins H1 (HtpG), H2 (DnaK), and H3
(GroEL) were identified by comparison with an E. coli 2-D PAGE database (30). The numbers at the top are pI, and the numbers on the right are MW, in thousands.
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replication, replication was initiated and proceeded synchro-
nously in most cells. The replication time was around 40 min,
and the first cell divisions occurred around 60 min after initi-
ation of replication (i.e., about 20 min after termination of
replication). However, the cells continued to divide during the
following 60 min, so the amount of cells containing one chro-
mosome increased over time.

Replication-associated protein synthesis. Several reports
have shown that certain E. coli genes change their transcription

rate during the cell cycle (see the introduction). To see
whether such changes could be found at the protein expression
level, we investigated the synthesis rates of individual proteins
10 min before (140 min after the downshift to 36°C) and 20
(170 min), 40 (190 min), 50 (200 min), and 60 (210 min) min
after the transient temperature upshift to 40°C that initiated
synchronous replication. These times were chosen since they
represent specific events during the replication and cell divi-
sion cycle: 140 min after the downshift to 36°C is just before
initiation, 170 min is at about midreplication, 190 min is
around replication termination, and 210 min is at the first cell
divisions. At each point, the proteins were pulse-labeled with
14C-labeled amino acids for 7 min (see Materials and Meth-
ods).

The pulse-labeled proteins were separated on 2-D PAGE
gels, and nearly 1,000 spots were detected (Fig. 2). Because
isoelectric focusing was run to equilibrium in the first dimen-
sion and a 12% polyacrylamide gel was used in the second
dimension, only proteins with pI from 4 to 7 and MW from
15 3 103 to 100 3 103 were resolved. Most E. coli proteins are
found within this pI and MW range (18, 22).

Four gels were made for each time point in order to enable
a statistical analysis of the collected data (see Materials and
Methods). The spots on the different 2-D gels were quantified
and matched by computerized image analysis. Spots of good
quality whose mean intensity increased or decreased at least
threefold between two time points (see Materials and Meth-
ods) were sought. The intensity of a spot reflects an arbitrary,
relative unit for the rate of protein synthesis. Seven candidate
spots were found (proteins 1 to 7) (Fig. 2 to 4 and Tables 1 and
2) out of about 1,000 spots which could be detected by 2-D
PAGE. Spots 1 and 2 had the highest intensity at 170 min
(midreplication [Fig. 4]), spot 3 at 190 min (at replication
termination [Fig. 4]), and spots 4 to 7 at 210 min (at first cell
division [Fig. 4]).

For spot 2, the two extreme values differed just threefold,
but as the spot was located at the very basic end, a region which
is difficult to reproduce, the interpretation of this result may be
ambiguous.

Temperature effect. It is well documented that temperature
shifts affect gene expression, and it is possible that the tem-
perature shifts necessary to initiate synchronous replication in
MG::71CW(pOU420) influenced the synthesis rates of some
proteins. As a control for temperature response, the wild-type
strain, MG1655, was grown as described for a synchronization-
of-replication experiment, and the 2-D PAGE patterns 10 min
before (140 min after the downshift to 36°C) and 20 min after
(170 min) the transient temperature upshift to 40°C were in-
vestigated. No spots showed significant (at least threefold)
changes in their intensities between the two time points (data
not shown), indicating that no heat or cold shock genes were
induced at significant levels. The known heat shock proteins
HptG, DnaK, and GroEL could be identified on the 2-D gels
by comparing them with an E. coli 2-D PAGE database (30),
and their synthesis rates before and after the transient tem-
perature upshift are shown in Fig. 5. For all three heat shock
proteins, the transient 4°C temperature upshift did not induce
any heat shock response after 20 min. The spot intensities of
HptG and DnaK were similar in the intR1 and wild-type gels.
However, the spot intensity of GroEL was twofold higher in
the intR1 gels than in the wild-type gels, which, again, was not
considered to be significant. Finally, none of the seven candi-
date spots showed a significant change in intensity between the
two time points on the wild-type gels.

intR1-specific protein synthesis. The intR1 strain contains
the free plasmid pOU420 and, moreover, a deletion of the

FIG. 3. Identical sections of 2-D PAGE autoradiograms at each time point
investigated after synchronous initiation of replication in MG::71CW(pOU420).
Spots 1, 3, 5, and 6, whose intensities were found to change significantly after
synchronous initiation of replication, and the example for continuous synthesis,
protein a, are indicated. The time (in minutes) after the temperature downshift
to 36°C is indicated in the upper right corner of each panel. At 150 min,
replication was synchronously initiated by a transient (8-min) upshift to 40°C.
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leftmost part of oriC, which is replaced by a derivative of the
plasmid R1 replicon. These changes in the genotype might
influence the interpretation of our results, and some of the
observed variations in spot intensity may be effects of the intR1
construct. To find out which proteins were intR1 specific, the
2-D PAGE patterns of exponentially growing cultures of
MG::71CW(pOU420) and the parental strain, MG1655, were
compared. Three spots were found to be intR1 specific (spots

A, B, and C in Fig. 2). These spots had pI and MW that are
close to those predicted for the plasmid-encoded b-lactamase,
chloramphenicol acetyltransferase, and l cI857 repressor. One
of the candidate spots (spot 5 in Fig. 2) was found to be
repressed fourfold in the intR1 strain. Additionally, another
two spots whose intensities differed around threefold between
the two strains were found (not shown). Thus, although rela-
tively few differences were found for the intR1 strain and the

FIG. 4. Quantification (spot intensity; the scale is relative) of spots 1 to 7 and a during temperature shift experiments with MG::71CW(pOU420) and MG1655. In
order to synchronize replication, exponentially growing MG::71CW(pOU420) cells were shifted from 40 to 36°C at time zero to block the initiation of replication. After
150 min the cells were shifted to 40°C for 8 min to synchronously initiate replication (filled squares). As a control, new MG::71CW(pOU420) cultures were grown as
explained above without a shift to 40°C after 150 min (open circles). MG1655 (open triangles) was grown like MG::71CW(pOU420), with the 8-min temperature upshift
to 40°C after 150 min at 36°C. The values for the relative synthesis rates were placed in the middle of the 7-min window during which the proteins were pulse-labeled.
Each value is the mean for four gels. Vertical bars show standard errors. The start of the 8-min shift to 40°C for initiation of replication is indicated by a vertical line
at 150 min.
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wild type during exponential growth conditions, one candidate
spot was found to be repressed in the intR1 strain.

Influence of growth at the nonpermissive temperature. In
order to synchronize replication, initiation of replication was
blocked in MG::71CW(pOU420) by a temperature shift from
40 to 36°C (nonpermissive temperature), and the culture was
kept at the nonpermissive temperature for the rest of the
experiment, except for the transient shift to 40°C to initiate a
single round of replication. Thus, as the cells continue to grow
in the absence of chromosome replication for a substantial
period (data not shown), they may enter a state of unbalanced
growth which could influence the expression level of certain
proteins. To determine the effect of unbalanced growth, we
grew new cultures of MG::71CW(pOU420) as described for
the synchronization of replication without initiating a single
round of replication. The 2-D PAGE patterns at 0 (exponen-
tially growing culture), 20, 60, 170, and 210 min after the shift
to the nonpermissive temperature were studied. Of the seven
candidate spots, spots 3, 6, and 7 showed similar kinetics after
150 min in cultures both with and without a transient temper-
ature upshift. Therefore, spots 3, 6, and 7 are unlikely to be
regulated in a replication- or cell cycle-specific fashion. Hence,
proteins 1, 2, and 4 were regarded to be cell cycle specific and
were subjected to further analysis.

Protein identification. After imidazole-SDS-Zn reverse
staining of the gels, protein spots 1, 2, and 4 were cut out from
the gels. The proteins were analyzed by peptide mass mapping
and partial sequencing. The final identification was done by
comparison with a sequence database by using the determined

peptide masses and the partial amino acid sequences deduced
from the tandem mass spectra. It turned out that spot 1 corres-
ponds to glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
encoded by the gene gapA) and spot 2 corresponds to PyrI, the
regulatory chain of aspartate transcarbamoylase (ATCase),
which is involved in the synthesis of the pyrimidines from
aspartate. Protein spot 4 was identified as Dps, also known as
PexB, a stationary-phase-specific protein from E. coli (Table 2).

DISCUSSION

In this investigation, we studied replication-associated pro-
tein expression in E. coli using 2-D PAGE combined with
computerized image analysis. Chromosome replication was
synchronized in the intR1 strain MG::71CW(pOU420), in
which initiation of replication is controlled by temperature (5).
The observed cell cycle parameters were in agreement with
previously published data (13); the replication time (the C
period) was about 40 min, and the time from termination of
replication until cell division (the D period) was around 20
min. However, although the cells replicated synchronously, cell
division took place from 60 min until at least 120 min after
initiation. This might be explained by the fact that cell division
presumably occurs at certain critical lengths (5), and as the cell
length was not synchronized in the population, individual cells
reached the critical length at different times after termination
of replication.

Using computer-aided analysis of the 2-D PAGE spot pat-
terns of pulse-labeled proteins, we found that the synthesis
rates of the vast majority of proteins remained constant after
synchronous initiation of replication, which is in agreement
with previously published data (20). A temperature effect on
protein expression could not be detected; no significant
changes were observed in the wild type 20 min after a transient

FIG. 5. Quantification (spot intensity) of the heat shock proteins HtpG, DnaK, and GroEL 10 min before (140 min after the temperature shift to 36°C [grey bars])
and 20 min after (170 min [white bars]) the 8-min temperature upshift to 40°C in MG1655 and MG::71CW(pOU420). The heat shock proteins were identified by
comparison with an E. coli 2-D PAGE database (30). Data are the means for four gels. Vertical bars show standard errors.

TABLE 1. Estimated pI and MW of proteins 1 to 7, whose
expressions changed significantly after synchronous initiation of

replication in MG::71CW(pOU420)

Spot pI MW (103)

1 6.0 38
2 6.9 20
3 5.1 34
4 5.7 21
5 5.5 34
6 5.4 33
7 5.3 49

TABLE 2. Characteristics of proteins 1, 2, and 4

Spot Protein (Swiss-Prot
database accession no.) Gene Reference(s)

1 GAPDH (P06977) gapA 14, 15
2 ATCase (P00478) pyrI 9
4 DPS (P27430) dps (pexB) 1, 19
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temperature shift of 4°C. The expression of 7 proteins out of
about 1,000 detected on the 2-D gels was found to vary at least
threefold after synchronized initiation of replication. However,
the expression of proteins 3, 6, and 7 showed similar changes in
a nonshifted control culture, indicating that their expression
changes were not replication specific but presumably an effect
of unbalanced growth caused by the block of replication. Be-
cause protein 5 was repressed fourfold in the intR1 strain
compared to the wild type, its observed expression changes are
most likely an effect of the intR1 genotype. Therefore, the
differential expression of finally only three proteins (i.e., 1, 2,
and 4) could be correlated with the synchronous initiation of
replication.

It should be pointed out that we did not consider spot in-
tensity changes that differed less than threefold, and many cell
cycle- or replication cycle-regulated proteins may thus have
been missed, e.g., FtsZ, whose transcription rate has been
shown to vary about twofold during the cell cycle (12). When
the expression limit was lowered to twofold in the analysis
procedure, the number of candidate spots increased to at least
20 (data not shown). Although these changes are below the
mean 95% level of significance (see Materials and Methods),
they may still represent proteins that are cell cycle regulated.
In addition, as we measured only one time point during repli-
cation (20 min after synchronous initiation of replication),
proteins expressed just after initiation (0 to 10 min) and just
before termination (30 to 40 min) may have been missed. Also,
all proteins which might be up- or down-regulated before the
initiation of replication were missed because the initiation of
replication was uncoupled from the normal cell cycle in the
cells used for synchronization. Thus, our data presumably rep-
resents an underestimate of the number of proteins that are
differentially expressed after initiation of replication.

The replication-dependently expressed proteins 1, 2, and 4
were identified by mass spectrometry analysis (Table 2). Both
proteins 1 and 2 had their highest synthesis rates at midrepli-
cation, and they represent GAPDH (the product of gapA) and
PyrI (ATCase), respectively. GAPDH is involved in one of the
main metabolic pathways, glycolysis. It catalyzes the oxidative
phosphorylation of D-glyceraldehyde-3-phosphate into 1,3-
bisphosphoglycerate (14, 15). ATCase is an enzyme which cat-
alyzes the first committed step in the synthesis of pyrimidines
from aspartate (16, 24). It consists of six identical catalytic
subunits, the gene products of pyrB, and six identical regulatory
chains coded for by pyrI. The enzyme catalyzes the reaction of
carbamoyl phosphate with L-aspartate to yield N-carbamoyl-L-
aspartate and phosphate. Protein 4 was found to be the sta-
tionary-phase-specific protein Dps (PexB). It binds DNA un-
specifically and protects it against oxidative stress. It is found
mainly in stationary-phase cells, where its expression is con-
trolled by ss and integration host factor (2), but it can also be
induced by oxidative stress in exponentially growing cells. In
this case, induction is goverened by OxyR and s70 (2). In our
synchronization experiment it had the highest rate of expres-
sion at the time cell division started. Beside its role as a DNA-
protecting protein, Dps also seems to have an effect on the
global pattern of gene expression, which has been shown by use
of dps null mutants and 2-D gel electrophoresis (1).

In conclusion, this report shows that the vast majority of
proteins do not change their rates of expression after initiation
of replication in E. coli. However, the synthesis rates of three
proteins were found to change significantly during synchronous
replication. These expression changes could be correlated only
with the synchronous initiation of replication. The role of these
three proteins in the E. coli cell cycle is not clear and will be
further studied by cell cycle characterization of mutant strains.

It is still possible that the synthesis of these three proteins
varies depending on the state of replication without being
involved in the progression of the cell cycle.
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