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The origin of replication in Escherichia coli K-12 was mapped by determining
the rate of marker replication during a synchronous round of replication.
Four isogenic strains were made lysogenic for Aind- and for phage Mu-1, with
Mu-1 integrated into a different chromosomal location in each strain. Cultures
were starved for amino acids to allow completion of chromosome replication
cycles and then starved for thymine in the presence of amino acids, and a
synchronous cycle of replication was initiated by the addition of thymine.
Samples were exposed to radioactive thymidine at intervals, deoxyribonucleic
acid was extracted, and the rate of marker replication was determined by
deoxyribonucleic acid-deoxyribonucleic acid hybridization to filters containing
Mu-1, A, and E. coli deoxyribonucleic acid. The results confirm that the origin of
replication is near ilv. The travel times of the replication forks, calculated from
the data obtained for cultures with doubling times of approximately 40 and 61

min, are 40 and 52 min, respectively.

The replication of the chromosome in an F-
strain of Escherichia coli is initiated at a fixed
origin and proceeds bidirectionally. Several au-
thors (3, 6, 7, 10, 13, 24) have located this origin
near the marker ilv, which is at 75 min on the
map (21). Others (9, 17, 19, 22, 23) have favored
sites further away from that position. In the
experiments presented here, we studied the
replication of various markers during a synchro-
nized cycle of replication to define more pre-
cisely the map position of the origin and to
analyze the mode of displacement of the grow-
ing forks.

The results confirm that the origin of replica-
tion is near ilv. The travel times of the replica-
tion forks, calculated from the data obtained for
cultures with doubling times of approximately
40 and 61 min, are 40 and 52 min, respectively.

MATERIALS AND METHODS

Bacteria and bacteriophage. The bacterial
strains used in this study are listed in Table 1. The
map positions of the markers used are shown in Fig. 1.
Bacteriophages Mu-1, AcI**’S?, Aind-, and
Aimm21cl- were from the collection of L. Caro. The
growth of Mu-1 and AcI**’S” stocks for preparation of
deoxyribonucleic acid (DNA) has been described (3).

Growth media. Glucose M9 medium was used (1).
Minimal medium was M9 supplemented with (per
milliliter): thiamine, 0.5 ug; thymine, 10 ug; leucine,

! Present address: Centre de Recherche de Biochimie et de
Génétique cellulaire du CNRS, 31—Toulouse, France.

100 ug; and any additional requirement, 100 ug.
Casamino Acids medium was minimal medium con-
taining 0.2% vitamin-free Casamino Acids (Difco).
The growth rates of the strains in these media are
shown in Table 1.

Medium changes were made by collecting cells on a
Sartorius membrane filter, washing them with pre-
warmed M9 medium, and suspending them in the
desired medium at 37 C.

Cell growth was monitored by adsorption at 450 nm
in a Hitachi spectrophotometer or a Coulter counter,
model B.

Pulse labeling. Cultures for pulse labeling were
pipetted or poured rapidly into tubes containing the
radioactive thymidine. To terminate a pulse the
cultures were poured rapidly onto crushed, frozen
medium containing 5 to 10% pyridine (12).

DNA extractions and DNA-DNA hybridization.
DNA was extracted from bacteriophages Mu-1 and A
by freeze-thawing three times in 10-2 M
ethylenediaminetetraacetic acid-0.1% sodium dodecy!
sulfate. The DNA was purified by isopycnic centrifu-
gation by the two-layer CsCl method (4).

Pulse-labeled DNA was extracted in 0.01 M tris(hy-
droxymethyl)aminomethane-0.05 M ethylenediamine-
tetraacetic acid (pH 7.6). Lysozyme (10 to 100 ug)
was added, the mixture was incubated for 10 min in
ice, and Sarkosyl (Geigy) was added to 0.1% to lyse the
cells. The lysate was inculated with pancreatic ribo-
nuclease (50 ug/ml; Sigma Chemical Co.) for 30 min
at 37 C, followed by Pronase (Calbiochem; grade B, 1
mg/ml) or proteinase K (Merck; 50 ug/ml) for 1 to 2
h at 37 C. The lysate was incubated with additional
ribonuclease (50 ug/ml) for 30 min. Lysates were
purified by centrifugation in CsCl. The purified DNA
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TaBLE 1. Bacterial strains and their growth rates®

Doubling times (min)
. Site of Mu-1
Strain Genotype integration Minimal Casamino
nima Acids
CB0129 F-leu thy thi None
Mx 213 F-leu thy thiilv (\ind-) ilv (75 min) 54 38
Mzx 222 F-leu thy thi rha (\ind-) rha (77 min) 66 44
Mx 223 F-leu thy thi thr (\ind~) thr (0,90 min) 65 39
Mx 239 F-leu thy thi malA (\ind~) malA (66 min) 60 38

o All strains were derived from strain CB 0129. The Mu-1 lysogens are derivatives of strains used in our
previous study (3). These were cured of A* by infection with Aimm21 c¢I-. Colonies that had lost the A immunity
as a result of this infection were then lysogenized with Aind- (a noninducible strain of bacteriophage A).

thr
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Fic. 1. Genetic map of E. coli K-12. The sites of
prophage integration for the strains used in this study
are shown (21).

was dialyzed against 0.1 x SSC (1 x SSC = 0.15 M
NaCl-0.015 M sodium citrate, pH 7) and stored at
-20C.

E. coli CB 0129 DNA was extracted by the method
described above except that the lysates were depro-
teinized twice with phenol before purification in CsCl.

DNA concentrations were determined by absorp-
tion at 260 nm in a Zeiss spectrophotometer or by the
diphenylamine reaction (5).

To prepare filters for hybridization, DNA was
denatured in 0.15 N NaOH, neutralized with HCI,
and loaded onto filters in 6 x SSC. Filters were dried,
heated at 80 C under vacuum, and stored in a
desiccator until use. Radioactive DNA was sheared
with a Branson sonifier, denatured with NaOH,
neutralized with HCl, made up to 4 x SSC, and
diluted 1:1 with formamide (Merck). A 0.5-ml volume
of the radioactive mixture, containing 5,000 to 10,000
counts per min, was added to each filter, which was
then incubated for at least 2 days at 42 C. Filters were
washed first in 2 x SSC-50% formamide for 20 to 30
min, followed by two washes in 2 x SSC (14). Filters
were dried, and the radioactive DNA bound to the
filters was determined with a toluene-Permablend III
(Packard) or a Packard Tricarb liquid scintillation
counter.

Samples of the labeled DNA were hybridized to
filters supporting 1 or 2 ug of calf thymus, E. coli, \, or
Mu-1 DNA. After the nonspecific binding to calf
thymus filters was subtracted, the counts binding to

E. coli, A\, and Mu-1 filters were summed, and the
fraction of this total bound to Mu-1 and A\ was
determined. The data were calculated in this manner
to reduce error caused by small differences in hybridi-
zation efficiency. The binding to E. coli DNA filters
was 10 to 30% of the added radioactivity. To correct
for nonspecific binding, pulse-labeled DNA from
strain CB 0129 was used as a control in all experi-
ments. The fraction of radioactivity hybridized to
Mu-1 and A filters was subtracted before the data
were plotted.

Design of the experiment. Auxotrophs of E. coli
deprived of required amino acids continue DNA
synthesis until completion of the cycles of chromo-
some replication already initiated, but cannot initiate
new cycles (15, 16). After restitution of the amino
acids, new rounds of replication begin, at varying
times depending on the age of each cell at the onset of
amino acid deprivation, at the normal initiation site
(2, 15, 16). In a thymine-requiring strain, this initia-
tion can be synchronized by adding the required
amino acids in the absence of thymine, thus allowing
the synthesis of the proteins required for initiation
while blocking DNA synthesis. Synchronous replica-
tion is initiated by addition of thymine (6, 23). This
procedure is summarized in Fig. 2.

Using this technique, we synchronized chromosome
replication in four E. coli strains lysogenized for both
bacteriophages A and Mu-1. The A\ prophage was
always present at the normal M\ integration site,
whereas the Mu-1 prophage was integrated at various
sites (Fig. 1). During synchronous replication, sam-
ples of each culture were exposed to tritiated thymi-
dine for a brief period. The DNA was extracted and
hybridized to filters loaded with either A or Mu-1
DNA, and the amount of radioactivity hybridizing to
each was determined. Since DNA replication begins
synchronously, the relative order of marker replica-
tion can be determined by the relative amount of
radioactivity specific for each marker as a function of
time after initiation.

Both prophages, Mu-1 (20) and Aind- (11), used in
this study are noninducible. We determined that the
number of either type of phage produced, after the
period of thymine starvation, is less than 10~ phage
per bacterium. Therefore, phage induction cannot
seriously influence our results.
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Fic. 2. Experimental procedure for synchroniza-
tion of replication cycles.

RESULTS

Replication in glucose-minimal medium.
The cultures were grown in minimal medium
and synchronized, and the replication pattern
was determined (Fig. 2 and 3). The data in Fig.
3 are presented as the fraction of total radioac-
tivity hybridized versus the time at which the
radioactive pulse began.

Figure 3A shows the results for the strain with
Mu-1 integrated into ilv. The Mu-1 prophage
was replicated over a very short period begin-

ning at initiation, the bulk of the Mu-1 having -

been replicated by min 4. The sharpness of ilv
replication in Fig. 3A indicates good synchrony
of initiation and the closeness of the prophage to
the site of initiation. The background level of
Mu-1 replication was probably a result of subse-
quent initiation events.

The prophage A was not replicated at all until
about 20 min. A maximal rate was attained at
about 30 min and dropped to a minimum
around 40 min. The absence of replication of A
before 20 min indicates that the chromosomes
were aligned, since there were no ‘“‘forgotten”
replication forks, and that the DNA synthesis
observed was not the result of repair replication.
The prolonged period of replication of the pro-
phage A shows that the synchrony was rapidly
lost (see below).

The prophage Mu-1 integrated into rha was
replicated soon after initiation (Fig. 3B), but
rha seems to be located further from the site of
initiation than ilv. Maximal rha replication
began soon after initiation, but it was clearly
not confined to as brief a period as that of ilv
and occurred later. At 4 min the rate of rha
replication remained high, whereas the rate of
ilv replication dropped to the background level.
Thymine incorporation proceeded at the same
rate in both the ilv and rha strains after
synchronization (data not shown). This ex-
cludes the trivial possibility that the rha strain.
is delayed in initiation. A background level of
replication of this marker was attained after
about 8 min. Again the prophage A was not
replicated before 20 min.

The other markers, malA and thr (Fig. 3C
and D), were replicated later; maximal rates
were obtained at 8 to 10 min and 20 min,
respectively. The fact that markers rha, malA,
and thr were replicated soon after ilv indicates
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that replication is bidirectional. In all cases, the
prophage A was replicated over a prolonged
period after 20 min.

Replication in Casamino Acids medium.
The experiment was repeated with strains
grown in Casamino Acids medium (see Table 1
for the growth rates in this medium). The
results for cultures grown in this medium are
shown in Fig. 4. ilv was replicated during a brief
period immediately after initiation, followed by
rha, malA and thr, in that order. The prophage
A was always replicated over a prolonged period
after 15 min. Note that the late markers appear
to have been replicated sooner in this medium
than in minimal medium (see below).

DISCUSSION

Origin of replication. In our original report
on bidirectional replication, we could not locate
the origin more precisely than +5 min (3). From
the data presented here, we can now assign a
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Fic. 3. Replication pattern in glucose-minimal
medium. Strains Mx 213 (Mu-1 in ilv), Mx 223 (Mu-1
in thr), Mx 222 (Mu-1 in rha), and Mx 239 (Mu-1 in
malA) were grown in glucose minimal medium, incu-
bated in medium lacking amino acids for 2 h, and
incubated in medium lacking thymine but containing
amino acids for 50 min (the first three cultures) and 60
min (the last culture). Thymine, 4 ug/ml for Mx 213
and Mx 223 and 10 ug/ml for Mx 222 and Mx 239, was
added to initiate replication. A 20-ml volume (each)
of Mx 213 and Mx 223 was pulsed with 200 pliters of
3sH-labeled thymidine (20 Ci/mmol) for 20 s, and 2.5
ml (each) of Mx 222 and Mx 239 was pulsed with the
same amount of radioactivity for 60 and 120 s, re-
spectively. The pulses were quenched, DNA was
extracted, and the rate of marker replication was
determined. The quantity of DNA added to each filter
was approximately 1 ug for A and D and approxi-
mately 0.1 ug for B and C. (A) Mx 213, (B) Mx 222,
(C) Mx 239, and (D) Mx 223 (Mu-1, @; A\, O).
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Fi16. 4. Replication pattern in Casamino Acids me-
dium. The four strains used in the experiment of Fig.
1 were grown in Casamino Acids medium deprived of
amino acids for 100 min (120 min for Mx 239) and
then deprived of thymine. After 50 min (60-min for
Mx 239), thymine (10 ug/ml) was added to initiate
replication. Samples of each synchronized culture (2.5
ml) were pulsed for 60 s with 200 uliters of *H-labeled
thymidine. The replication pattern was examined.
Approximately 0.1 ug of DNA was added to each
filter. (A) Mx 213, (B) Mx 222, (C) Mx 239, and (D)
Mx 223 (Mu-1, @; A, O).

more precise location. The first marker repli-
cated is ilv followed very closely by rha. The ilv
marker is replicated over a short period begin-
ning at the time of addition of thymine. The
exact timing of rha replication is difficult to
determine since some rha replication is already
seen during the first pulse. However, the bulk of
the rha replication follows during the next 4 min
of replication at both growth rates used. Since
ilv and rha are separated by only 2 min on the
E. coli map (21), we feel that the origin of
replication must lie very near ilv and possibly
between dnaA and ilv (Fig. 5).

Rate of travel of replication forks. The
results presented above clearly show a differ-
ence in the time of replication of late markers A
and thr at the two growth rates used. Using the
data obtained, we estimated the times required
to replicate the chromosome as 40 min in
Casamino Acids medium and 52 min in glucose
minimal medium. The value of 40 min for
Casamino Acids is in agreement with the model
of Cooper and Helmstetter (8) and with recent
results obtained with exponential cultures of E.
coli K-12 (M. Chandler, personal communica-
tion). The time of 52 min for minimal medium
is longer than expected from the Cooper-Helm-
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Fic. 5. E. coli genetic map in the region of the
chromosome origin. The map positions shown are
from the standard E. coli map (21).

stetter model, which predicts a constant chro-
mosome replication time of 41 min at 37 C for
generation times of less than 60 min, and from
Chandler’s unpublished data. Nevertheless, we
feel that the difference observed in our experi-
ments is real; however, it should be noted that
these cultures have been starved first for amino
acids and subsequently for thymine, and the
rate of fork travel may be altered as a result.
The spread in replication of late markers
suggests a large variation in the rate of travel of
a replication fork. The marker ilv is replicated
over a very short period, showing that initiation
occurs synchronously. Hence, the spread for late
markers seems to be derived from variation in
the rate at which forks move and not from
asynchronous initiation. This variation is large;
however, the same variation has been seen for
exponential (18) and synchronized cultures (2).
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