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Gene Transcription and Chromosome Replication in Escherichia coli
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Transcript levels of several Escherichia coli genes involved in chromosome replication and cell division were
measured in dnaC2(Ts) mutants synchronized for chromosome replication by temperature shifts. Levels of
transcripts from four of the genes, dam, nrdA, mukB, and seqA, were reduced at a certain stage during
chromosome replication. The magnitudes of the decreases were similar to those reported previously for fisQ
and ftsZ (P. Zhou and C. E. Helmstetter, J. Bacteriol. 176:6100-6106, 1994) but considerably less than those
seen with dnaA, gid4, and mioC (P. W. Theisen, J. E. Grimwade, A. C. Leonard, J. A. Bogan, and C. E. Helm-
stetter, Mol. Microbiol. 10:575-584, 1993). The decreases in transcripts appeared to correlate with the
estimated time at which the genes replicated. This same conclusion was reached in studies with synchronous
cultures obtained with the baby machine in those instances in which periodicities in transcript levels were
clearly evident. The transcriptional levels for two genes, minE and tus, did not fluctuate significantly, whereas
the transcripts for one gene, icid, appeared to increase transiently. The results support the idea that cell cycle
timing in E. coli is not governed by timed bursts of gene expression, since the overall findings summarized in
this report are generally consistent with cell cycle-dependent transient inhibitions of transcription rather than

stimulations.

The duplication of an Escherichia coli cell features two
events initiating critical processes: chromosome replication
and cell constriction. There has been considerable interest in
the molecular mechanisms responsible for the timing of these
events and the processes associated with them. At the very
least, a full complement of the components needed to start the
individual processes must be formed. For instance, chromo-
some replication and cell constriction are not initiated until the
required threshold levels of active DnaA and FtsZ proteins,
respectively, have assembled (26, 32). The actual kinetics of the
formation of the required components, however, could be very
complex. At one extreme, the relevant gene could be tran-
scribed, and the mRNA could be translated, throughout the
cell cycle, yielding a continuous increase in the encoded pro-
tein. At the opposite extreme, the gene product could be pro-
duced with strong periodicity in the cycle so that the required
amount is formed just prior to its utilization. Both situations
have been well documented in eukaryotes (1), where, for in-
stance, the synthesis of cyclins (protein components of kinases
required for cell cycle progression) can be either continuous or
periodic. The situation in bacteria is less well understood,
although there is evidence for programmed gene expression in
the dimorphic bacterium Caulobacter crescentus (4) and for
some cycle-dependent aspects of gene expression in E. coli.

There have been several reports suggesting that certain
genes in E. coli are expressed periodically with respect to either
chromosome replication or the cell division cycle. Especially
notable among these are genes that encode products involved
in an aspect of chromosome replication. One of these is dnaA,
the product of which binds to sites (DnaA boxes) in the origin
of replication, oriC, to facilitate the opening of the DNA du-
plex to start replication (3). The timing of initiation of repli-
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cation during steady-state growth may be set by the binding of
a fixed quantity of active DnaA to oriC (16, 24). Thus, cell
cycle-dependent controls on the kinetics of formation of the
protein could conceivably contribute to initiation timing. In
fact, transcription of dnaA fluctuates during the cell cycle due
to a transient inhibition immediately after the gene replicates
(2,5, 29, 35). Transcription of gidA, located immediately to the
left of oriC, oscillates in a manner identical to that of dnad (2,
29, 35). Transcription of mioC, adjacent to oriC but on the
right side, also varies periodically but with considerably differ-
ent kinetics. mioC transcription is shut off prior to initiation of
chromosome replication, due to the binding of DnaA upstream
of its promoter, and remains off for several minutes after
initiation of replication (2, 29, 35). Transcription of the genes
encoding ribonucleotide reductase has also been reported to
fluctuate in the cycle, with a maximum at the time of initiation
of chromosome replication (33, 34). In addition to these rep-
lication-associated genes, transcript levels of some genes asso-
ciated with cell fission, residing within the 2-min region on the
genetic map and including ftsZ, have been found to fluctuate
during the cycle (13, 37).

Transcriptional periodicities could play roles in regulating
initiation of processes in the cycle if genes required for a
process were maximally expressed just prior to its initiation and
then shut down afterwards as part of the mechanism to prevent
premature reinitiation of the process. Conversely, genes whose
transcripts prevented initiation of a process might need to be
shut down for the process to begin. A decrease in the rates of
formation of the protein products would be anticipated while
transcription was shut down and the existing mRNAs were
degraded. The magnitude of the decrease would depend, of
course, on the duration of transcriptional repression. In fact,
no dramatic cell cycle-dependent variations in synthesis of
individual proteins have been detected (9, 27), although there
may be variations in enzyme activities, such as have recently
been reported for an autolysin activity in Pseudomonas aerugi-
nosa (22).

In an effort to identify possible relationships between gene
transcription and cell duplication, we have undertaken an anal-
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ysis of the transcription of a variety of genes important for the
cell cycle. This paper contains a summary of the transcriptional
patterns observed.

MATERIALS AND METHODS

Bacteria, growth conditions, and radioactive labeling. The strains employed
were E. coli K-12 PC2 (dnaC2 thyA47 leu-6 deoC3 Str*), K-12 DG76 (the parental
strain) (6), and B/rA (ATCC 12407). Cultures were grown in minimal salts
medium (19) supplemented with 0.1% glycerol, with 0.1% glucose, or with 0.1%
glucose plus 0.2% Casamino Acids (Difco Laboratories). When necessary, thy-
mine was added at 10 pg/ml. For temperature shift experiments, cultures were
grown for a minimum of five doublings at 30°C, shifted to 40°C for 60 or 75 min,
and then returned to 30°C (19). For measurement of DNA replication, 1.0-ml
samples were removed from the cultures and placed in a test tube in a shaking
water bath at the growth temperature along with 1 wCi of [*H]thymidine (ap-
proximately 80 Ci/mM; NEN) for 5 min, and uptake was determined as described
previously (35). Bacterial concentrations were determined with a model ZB
Coulter electronic particle counter. Absorbances of the cultures at 600 nm were
measured with a Milton Roy Spectronic 601 spectrophotometer.

Synchronous growth experiments. Cultures of E. coli B/r growing exponen-
tially at 37°C (100 ml) containing 0.5 X 10% to 1.0 X 10® cells/ml were filtered
onto the surface of a type GS 142-mm-diameter Millipore membrane filter
(Millipore Corp.). The filter was inverted in a Full-View incubator (Precision
Scientific) at 37°C, and fresh medium (ca. 200 ml) was poured into the upper part
of the filter holder. The upper chamber of the holder was connected to a
peristaltic pump. The pump was operated at a rate of 15 ml per min for 2 min to
remove unattached cells, and then the rate was reduced to 2 ml per min. After
a delay of 12 to 15 min, to allow for the release of weakly attached cells,
consecutive 3-min (glucose-Casamino Acids cells), 4-min (glucose cells), or
5-min (glycerol cells) samples were collected (usually 28) from the effluent. An
aliquot was taken from each sample for determination of cell concentration, and
the rest of the sample was transferred to a culture flask and placed in a 37°C
shaking water bath. Cells at different stages of the cell cycle were obtained by
incubating each sample for a different length of time. At the end of the period of
synchronous growth, a second aliquot of cells was taken for determination of cell
concentration and the balance of the synchronous culture was placed on ice for
isolation of total cellular RNA.

Quantitative S1 nuclease transcription assays. Isolation of total cellular RNA
and the S1 nuclease protection assays were performed as described in detail
previously (35). The probes used in the S1 nuclease assay were synthetic oligo-
nucleotides, purchased from Keystone Scientific (Menlo Park, Calif.) or Oligos,
Etc. (Wilsonville, Oreg.), which complemented the transcripts of interest. The
probes were designed so that, following hybridization to total cellular RNA,
S1-protected fragments would be a minimum of 10 nucleotides shorter than the
undigested probe to prevent interference in the subsequent analysis. This was
achieved by overlapping the transcriptional start site and/or by tailing the 3’ end
of the probe with a mismatch to the transcript. The probe sequences for the
various genes were as follows: dam, 5'-GGGCAAATGCCGTTTAATATCATC
AAGCAGGGGATACTTGCCCCCGTAAACAGGA,; gidA, 5'-GGTGATTGC
CTCGCATAACGCGGTATGAAAATGGATTGAAGCCCGGGCCGTGGA
TTCCGTCTGGTCC; icid, 5'-GCGCCTGATGTTGAATACTCACCGGCCG
ACCACTTCGCCGCGGCGCAGACGTTCCTGAGTGCGGGGGGACGA
GGA; minE, 5'-TTCTGCATCGCTGCGACGGCGTTCAGCAACAATAATC
TGCAGCCGGGAGGGGTAC; mukB, 5'-CTTACCGTGCAGACCTTTATCG
CGCGAACCGCTGGTGGCCCCGGCGGAATGCTGT; nrdA, 5'-TACTGAT
AATCCGGCGCATCACGGGAGATCAGGTCTGCGGCAGCCGGTCGCC
GTT; rpoA, 5'-GGCGCGGTTTTAGAAACTCTGTCACAGAACCCTGCCG
GTGTGAAGAGAGGGTTGC; seqA, 5'-TTCGACGATAGCAGGTGACGCA
ACGCGAACCTCTTTCGTCACCGGCTACTACTTA; tus, 5'-GAACACGCG
GGCAACCAATAGCTTGTGTTGCTCAAGATGAGCGGCCCCGCGC
TAA. The oligonucleotide probes were 5’ end labeled with polynucleotide kinase
(U.S. Biochemicals) and [y-*?P]ATP (greater than 3,000 Ci/mM; NEN). To
quantitate transcripts, 10 pg of total cellular RNA was hybridized with 0.3 to 0.6
ng of the relevant 5’-3?P-end-labeled oligonucleotide (50,000 to 500,000 cpm).
After S1 digestion and electrophoresis (35), the resultant autoradiograms were
scanned with a UMAX UC630 flat-bed scanner and Adobe photoshop. The
images were quantitated with NIH Image 1.52. Because of the limited linear
response range of the film and the variation in intensity of the signals produced
by the different probes used simultaneously in the S1 transcription assays, mul-
tiple exposures of most autoradiograms were scanned to allow accurate quanti-
tation.

RESULTS

Alignment of chromosome replication by temperature shifts
of E. coli PC2 dnaC2(Ts). The relationship between chromo-
some replication and gene transcription was analyzed in cul-
tures of E. coli K-12 PC2 dnaC2(Ts) which had been aligned
for initiation of chromosome replication by temperature shifts.
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FIG. 1. Chromosome replication and cell division during temperature shifts
of E. coli K-12 PC2 dnaC2(Ts). Cultures growing exponentially at 30°C in
glucose-Casamino Acids minimal medium were shifted to 40°C for 60 min and
then returned to 30°C. Samples were taken at intervals to measure cell concen-
tration (@) and counts per minute (A) after pulse-labeling with [*H]thymidine
for 5 min. In a second, parallel culture, cell concentration was measured after
exposure of each sample to 200 wg of chloramphenicol/ml for 90 min (O). Since
cells in the C period cannot divide in the presence of the drug but those in the
D period can (18), the abrupt increase in cell concentration, with a midpoint at
70 min, corresponds to the end of the C period. The average durations of the C
and D periods are indicated.

Cultures growing in minimal medium containing glucose and
Casamino Acids at 30°C (permissive temperature) were shifted
to 40°C (nonpermissive temperature) for approximately two
mass doublings and then were returned to 30°C. At 40°C,
ongoing rounds of replication are completed, new rounds are
not initiated, and potential for initiation of two subsequent
rounds of replication has accumulated (2, 6, 10, 11, 15, 19, 31).
Upon return of the cultures to 30°C, the first round of repli-
cation is initiated immediately and the second is initiated about
25 to 30 min later (2). Figure 1 shows a representative tem-
perature shift experiment, with the two initiations at 30°C
corresponding to the two abrupt increases in [*H]thymidine
uptake. Cell concentration changed little at 30°C until the
parasynchronized division, which took place C + D minutes
(about 110 min, on average) after the synchronized initiation
of replication at time zero. The figure also shows cell concen-
tration after exposure of the samples to chloramphenicol for 90
min. Since cells in the D (cell division) period divide in the
presence of the drug (reviewed in reference 18), the 40-min
leftward shift of the first abrupt increase in cell concentration
establishes the relative durations of the C (chromosome rep-
lication) and D periods, as indicated. The slight increase in cell
concentration at 40 min in the untreated culture suggests that
some cells may have been blocked at entry into D at 40°C and
then progressed as a group through D upon the shift to 30°C.
The absence of a measurable increase in cell concentration
between 40 min and the first synchronized division (e.g., be-
tween D and C + D min) demonstrates that essentially all
rounds of replication were completed at 40°C, for if they had
not been, cells would have divided during this interval.

For measurement of transcript levels, RNA was extracted
from samples taken at intervals during the temperature shifts.
Transcripts in the RNA samples were quantitated based on the
level of protection of 5'-end-labeled complementary oligonu-
cleotides from digestion with nuclease S1 after hybridization.
The protected fragments were electrophoresed on denaturing
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FIG. 2. Transcript levels of dam during temperature shifts of PC2 dnaC2(Ts)
(A) and DG76 dnaC™" (B). Cultures growing exponentially at 30°C in glucose-
Casamino Acids minimal medium were shifted to 40°C for 60 min and then
returned to 30°C. At intervals, 10 pg of total cellular RNA was isolated, hybrid-
ized to 3?P-labeled oligonucleotide probes, and assayed by S1 protection. The
resultant autoradiograms were quantitated by densitometry, and the intensities
of the signals are expressed as ratios to the rpoA protected signal, normalized to
1.0 at the shift to 40°C (—60 min). The relative transcript levels of dam during the
shift of PC2 (@) and during the shift of DG76 (O) and the relative transcript
levels of gidA in PC2 (A) (included for comparison) are shown. The approximate
time of dam gene replication (map position, 74 min) is indicated by the arrow
and was calculated to be (84 — 74)/50 X C, with a C period of 70 min at 30°C.

polyacrylamide gels, and the radioactive bands in the resultant
autoradiograms were scanned and quantitated. Each experi-
ment was performed at least twice in its entirety to ensure
reproducibility of the results. The variations in transcript levels
for eight different genes are shown in Fig. 2 through 8. The top
panels in the figures show transcript levels during the temper-
ature shift with PC2 dnaC2(Ts), and the bottom panels show
levels in the dnaC™ parental strain, DG76, which serve as
controls for the effects of the temperature change itself. The
data are plotted as ratios to the level of rpoA transcript, which
does not fluctuate in these experiments (35), to correct for any
variabilities in the processing of each sample. The estimated
time at which each of the genes replicated is shown in each
figure and was calculated as (m/50) X C, where m is the map
distance in minutes between oriC (located at 84 min) and the
gene of interest and 50 is the map distance replicated during
the C period (70 min at 30°C).

dam and gidA. Transcript levels of dam (Fig. 2A), encoding
dam methyltransferase, which is responsible for methylation at
N-6 of adenine in GATC sequences (17, 21), increased some-
what at 40°C. The transcript level decreased shortly after the
shift to 30°C, with a minimum at 14 min, and then again several
minutes later. As indicated, the first minimum coincided with
the approximate time of gene replication. Comparable fluctu-
ations at 30°C were not discernible in the control experiment
with DG76 (Fig. 2B). The levels of gidA transcripts during
synchronized chromosome replication at 30°C are also shown
in the figure. As reported previously (35), gidA mRNA levels
decreased dramatically after replication of the gene (immedi-
ately after the shift and then again at 30 min). The decrease in
dam transcript levels, while clearly detectable, was not nearly
as pronounced as that for gidA.

nrdA. Transcript levels of nrdA (Fig. 3A), encoding one of
the two subunits of nucleotide diphosphate reductase (7), in-
creased about fivefold at 40°C and then remained essentially

Time (min)

FIG. 3. Transcript levels of nrdA during temperature shifts of PC2 dnaC2
(Ts) (A) and DG76 dnaC* (B). The approximate time of nrdA gene replication
is indicated by the arrow.

unchanged for 45 min after the shift to 30°C. At 45 min post-
shift, there was an abrupt decrease in transcript levels, which
again corresponded to the approximate time the gene repli-
cated. In the control nonaligned culture (Fig. 3B), transcript
levels increased to a lesser extent at 40°C, and there was no
decrease at 45 min after the return to 30°C.

seqA. Transcript levels of seqA4 (Fig. 4A), a negative effector
of initiation of chromosome replication (25, 36), did not vary at
40°C or during the first 45 min at 30°C but decreased tran-
siently about the time the gene replicated and subsequently
increased about twofold. These fluctuations were not seen in
the control experiment (Fig. 4B).

mukB. Transcript levels of mukB (Fig. 5A), involved in chro-
mosome partitioning (28), increased considerably at 40°C, and
there was again an abrupt transient decrease at 30°C with a
minimum at about 45 min. In this case, the minimum transcript
level was observed just prior to the estimated time of mukB
replication.
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FIG. 4. Transcript levels of seqA4 during temperature shifts of PC2 dnaC2(Ts)
(A) and DG76 dnaC™* (B). The approximate time of seq4 gene replication is
indicated by the arrow.
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FIG. 5. Transcript levels of mukB during temperature shifts of PC2 dnaC2
(Ts) (A) and DG76 dnaC™* (B). The approximate time of mukB gene replication
is indicated by the arrow.

minE and tus. Transcript levels of minE (Fig. 6), involved in
division positioning (8), and of tus (Fig. 7), involved in termi-
nation of chromosome replication (30), did not fluctuate de-
tectably during synchronized chromosome replication at 30°C.
One striking aspect of minE transcript levels is that they rose to
a peak at about 50 min at 40°C and then declined. Figure 6
shows incubation at 40°C for 75 min, rather than for 60 min as
in the other figures, to demonstrate that the peak and subse-
quent decline in levels occurred at 40°C and was unrelated to
the shift back to 30°C. The results at 30°C were identical when
the incubation at 40°C was restricted to 60 min (data not
shown).

icid. Transcript levels of icid (Fig. 8), whose product inhibits
replication from oriC in vitro (20), displayed a pattern that
differed from all of the preceding. The levels were consistently
found to increase transiently, with a peak about 30 min after
the shift to 30°C. This increase occurred about the same time
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FIG. 6. Transcript levels of minE during temperature shifts of PC2 dnaC2
(Ts) (A) and DG76 dnaC™ (B). The approximate time of minE gene replication
is indicated by the arrow.
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FIG. 7. Transcript levels of tus during temperature shifts of PC2 dnaC2(Ts)
(A) and DG76 dnaC* (B). The approximate time of fus gene replication is
indicated by the arrow.

as both replication of the gene and the second initiation of
replication after the shift to 30°C.

Synchronously dividing cultures. To investigate cell cycle-
dependent transcription in cells that had not been subjected to
temperature shifts to align initiation of chromosome replica-
tion, the baby machine was used to obtain synchronous cul-
tures. In general, small changes in levels are difficult to detect
with synchronous cultures, due to the broad age distribution of
initiation of chromosome replication (14). However, genes
whose transcripts fluctuate dramatically in temperature shift
experiments, i.e., dnaA and mioC, also show clear fluctuations
in synchronous cultures (35). This is also the case for transcript
levels of gidA (Fig. 9). Transcripts from gid4 reached a maxi-
mum near initiation of chromosome replication and a mini-
mum after initiation. The results are consistent with the con-
clusion from the data in Fig. 2 that gid4 transcription is
blocked after replication of the gene. The only other gene

40°C 30°C
4.0 T - T T T T T
A i
3.0/ \l/
20 P .
< « o ® w e, L d
Q10 ‘!....... ”
b :
5 0.0 4.0
e B
= —43.0
an
g 2.0
L o © P X0 o o
| | | ] | | | .

L
-60 -50 -40 -30 -20 <10 0 10 20 30 40 50 500‘0
Time {min)

FIG. 8. Transcript levels of iciA during temperature shifts of PC2 dnaC2(Ts)
(A) and DG76 dnaC* (B). The approximate time of icid gene replication is
indicated by the arrow.
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FIG. 9. Transcript levels of gidA in the cell cycle. A synchronous culture of
B/rA growing in glucose-Casamino Acids medium at 37°C (doubling time [7] =
24 min) was generated with the baby machine. O, gidA/rpoA ratios; @, synchro-
nous growth curve obtained by dividing the cell concentration at the time of cell
harvest by the cell concentration at the end of synchronous growth. The vertical
dashed lines show the average times of initiation of chromosome replication in
the cell cycle calculated from the equation g; (cell age at initiation) = (n + 1)t -
(C + D), where n is the smallest integer so that (n + 1)1 = (C + D) and C + D
is 64 min for E. coli B/rA growing with this doubling time at 37°C (18).

tested that showed indications of cell cycle-dependent tran-
scriptional periodicities in synchronous cultures was nrdA. Fig-
ure 10 shows nrdA transcript levels during synchronous growth
in media supporting two different growth rates. Although more
difficult to interpret than the data from experiments with the
gidA gene, these data are consistent with maxima in transcript
levels at roughly the times of initiation of replication and
minima between initiations. As indicated in the figure, the
minima were also generally located at the estimated time of
nrdA gene replication.

DISCUSSION

The results of studies on gene transcription during synchro-
nized chromosome replication in E. coli K-12 PC2 dnaC2(Ts)
presented here and published previously from this laboratory
(2, 35, 37) are summarized in Table 1. The genes are listed in
the sequence in which they replicate in the C period at 30°C,
ranging from 0 to 68 min (column 3). The most striking ob-
servation is that there was a decrease in mRNA levels of 8 of
the 12 genes, and in 7 of these the decrease was within 10% of
the estimated time of gene replication. The only exception to
this relationship was mukB, for which the decrease occurred
about 20% before the estimated gene replication time. No
other relationship between transcript levels and events of the
chromosome replication cycle, such as initiation of replication,
can be distinguished. The absence of detectable fluctuations in
transcript levels for rpoA, minE, and tus could imply a differing
relationship between replication and transcription for these
genes or a change in transcript levels that was too small to be
detected. It should be noted, however, that the absence of a
transient decrease in transcripts for minE and fus could be due
to a decay in synchrony of chromosome replication over time,
since these genes replicate late in the C period, but this expla-
nation would not obtain for 7poA.

The one gene that seemed to behave differently from those
described above was ici4. A transient increase in transcript
levels, with a maximum at 30 min after the shift to 30°C, was
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consistently found with this gene. The timing of the increase
could correspond either to gene replication or to the second
initiation of chromosome replication after the shift. If it is due
to gene replication, the increase could reflect a relationship
between transcription and gene dosage, although gene dosage
effects were not obvious for any other gene examined, probably
due to both the insensitivity of the assay and the imperfect
synchronization of replication. There could also be a coupling
between initiation of replication and ici4 transcription if the
act of initiation stimulated transcription of ici4 through the
titration of existing IciA by binding to the 13-mers in the newly
formed origins. In this scenario, the stimulation of transcrip-
tion must occur prior to the functioning of DnaC at initiation
because the increase was not seen during the first initiation at
0 min postshift.

Transcript levels have also been quantitated in synchronous
cultures obtained with the baby machine. Except for dnaA,
mioC, and ftsZ transcripts, which were reported on previously
(35, 37), and gidA and nrdA, reported on here, obvious fluctu-
ations in levels were not detectable. Since it is not surprising
that small changes in levels would be difficult to detect with
synchronous cultures, the current study was undertaken with
cells aligned for initiation with temperature shifts. Such shifts

0.4 T T T T T

Q.1

Ratio nrdAjrpoA

0.01 L

Cell concentration ratio

E |
. .

o we®®e :
= 3 ! 1
| IL | | |
¢ 10 20

1 T T T
B

|
|
L v a

=1
L]

0.004 0,
70 B0 80 100

|
30 40 50 B0 8

b

T !
! 1
: !
I O OI
o SR
I

I

I

|

¢

Ratio nrdAfrpoA

Cell concentration ratio

L L ] L
set%ee®®, | | N
0 10 20 30 40 50 B0 70 80 890 100 113

0.1

Time {min)

FIG. 10. Transcript levels of nrdA in the cell cycle. Synchronous cultures of
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TABLE 1. Gene replication and expression in E. coli at 30°C

Map Gene mRNA
Gene position replication decrease Orientation®
(min) (min)“ (min)”?
gidA 84 0 2 Same
mioC 84 0 Before 0 Opposite
dnaA 83 14 3 Same
poA 73 14 None Same
dam 74 15 11 Same
ftsZ 2 25 26 Same
iciA 63 28 25 (increase) Opposite
seqgA 16 45 Same
nrdA 48 49 50 Opposite
mukB 21 52 40 Same
minE 26 59 None Same
tus 35 68 None Opposite

“ The times of replication of the genes in the first C period after the shift from
40°C to 30°C were estimated based on their genetic map positions, a C period of
70 min initiated at time zero, and a constant rate of DNA polymerization.

® The times refer to the midpoints of the decreases in mRNA levels.

¢ Indicates whether the replication fork and transcription of the gene progress
in the same or opposite directions.

could themselves cause disturbances in gene expression, due to
either the temperature change or the inhibition of initiation of
DNA replication. Comparing the results obtained with the
dnaC2(Ts) mutant to those obtained with the parental dnaC™
strain in every experiment obviated some of that concern.
Furthermore, the periodicities detectable in synchronous cul-
tures were all consistent with the results obtained with aligned
cells, namely, minimum levels at the approximate time of gene
replication. Finally, the magnitudes of any periodicities in tran-
script levels due to transient inhibitions of transcription are
also dependent on the stability of the mRNAs. Half-lives have
been measured for each of the genes examined, based on levels
in cells exposed to 200 pg of rifampin/ml, and have been found
to be in the range of 1 to 3 min at 30°C, with the exception of
ftsZ, whose half-life was approximately 10 min (data not
shown).

The specific explanations for the possible inhibition of tran-
scription by replication suggested in the in vivo studies re-
ported here could differ for different genes. The extended
inhibition of transcription of dnaA, and possibly of gidA, is
most likely caused by the lengthy period of hemimethylation of
the N-6 of adenine in GATC sequences in dna4 and oriC (5,
29, 35). The less pronounced decreases in transcript levels for
other genes, presumably due to a shorter period of transcrip-
tion inhibition, could also be explained on this basis because
the period of hemimethylation can vary at different GATC
sequences (5). There is also the possibility that progression of
the replication fork through a gene aborts existing transcrip-
tional complexes by dislodging them from it. This is a contro-
versial concept (12, 23), but even if it is correct, it is likely to
produce a transcriptional delay that would be too short to
produce a detectable decrease in transcript levels in a batch
culture in vivo. In any case, the transcriptional patterns re-
ported here were unrelated to orientation, i.e., whether the
replication fork and transcription complex moved in the same
or opposite directions (Table 1). Another possibility is that the
replication fork alters gene expression by dislodging negative
or positive effectors of transcription. Evidence for the former
in the case of mioC has recently been described (2), and evi-
dence for the latter, in the case of nrdA, will be presented
elsewhere.

The primary aim of this study was to determine if the timing

J. BACTERIOL.

of periodic cell cycle events could be set by periodic expression
of genes essential for the events. On the contrary, the findings
are generally consistent with cell cycle-dependent inhibitions
of transcription rather than stimulations. Previous reports of
cycle-dependent periodicities in transcription of ftsZ (13) and
nrdA (33), interpreted to be enhancements of transcription
around the time of initiation of replication, may be explained
equally well on this basis. Considering the information cur-
rently available, we concluded that there is no compelling
evidence for cell cycle timing in E. coli being governed at the
transcriptional level by any of the genes examined in this study.
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