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Effects of bromodeoxyuridine (BUdR) substitutions in phage T4 DNA on the
initial stages of DNA replication were investigated. Electron microscope studies
of partially replicated, light (thymidine-containing) T4 DNA revealed the
presence of multiple loops and forks. These DNA preparations had no BUdR in
either parental or newly synthesized DN A, and the observations thus show that
multiple initiation of DNA replication is a normal event in T4 development and
is not caused by the presence of BUdR. A comparison of early replicative stages of
light and heavy (BUdR-containing) DNA in cells mixedly infected with light and
heavy T4 phage showed that early DNA synthesis occurs preferentially on the
light template. Heavy and light parental DNA became associated with the
protein complex of replicative DNA with equal efficiency, and there was no effect
of BUdR on the net rate of DNA synthesis after infection. Newly synthesized
DNA from heavy templates sedimented more slowly through alkaline sucrose
gradients than did newly synthesized DNA from light templates and appeared to
represent fewer replicative regions per molecule. These data indicate that
BUdR substitutions in the DNA caused a slight delay in initiation but that

replication of heavy DNA proceeded normally once initiated.

Several lines of evidence indicate that the
initiation of bacteriophage T4 DNA replication
takes place at multiple sites along a molecule.
Utilizing bromodeoxyuridine (BUdR) to sepa-
rate replicative and nonreplicative DNA moie-
ties, Kozinski and Kozinski (11) observed that
partially replicated DNA molecules (PRM),
upon shearing to a size smaller than the total
length of replicated DNA, did not yield frag-
ments of either parental or hybrid density.
(Hybrid DNA is defined as DNA which has
completed the first round of replication. In a
density-labeled system, hybrid DNA consists of
one thymidine [TdR]-containing [light] strand
and one BUdR-containing [heavy] strand, and
bands between fully light and fully heavy DNA
at equal distance from either in a density
gradient.) Later investigations by Delius et al.
(2) and by Howe et al. (7) gave similar results
whether BUdR was present in the parental
DNA or in the newly synthesized progeny DNA,
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and whether the PRM resulted from single or
multiple infection. Delius et al. (2) found that
PRM mounted for electron microscopy dis-
played multiple loops and forks, which were
interpreted as replicative structures. The analy-
sis of the CsCl banding patterns of the sheared
fragments in the preceding paper (7) suggested
that there are at least three to six initiation sites
in a DNA molecule. Examining the extent of
protection from exonuclease I digestion of T4
DNA strands to which small DNA fragments
had been hybridized, Howe et al. (7) found less
protection by fragments containing the replica-
ted areas of PRM than by random DNA frag-
ments. They concluded that the multiple re-
plicative sites in each DNA molecule were not
random.

The fact that these experiments (2, 7, 11)
yielded very similar results, irrespective of
whether the BUdR label was in the parental
strand or in the newly synthesized strand, quite
conyincingly suggested that the observed multi-
ple ‘initiation was not an artifact due to the
presence of BUdR. It is known, however, that
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BUdR-substituted DNA differs in some physi-
cal properties from normal TdR-containing
DNA. These differences are manifested in, e.g.,
increased light sensitivity (21) and higher melt-
ing temperature (10). It seemed unlikely to us
that such physical properties could interfere
with the number of initiation sites for DNA
replication, yet it could be argued that the
results obtained through the the different exper-
imental approaches outlined above were due to
“false” initiations caused by BUdR. The pri-
mary objective of this paper is to establish that
multiple initiation of DNA replication is a
normal event in T4 development, whether or
not BUdR is present in the system. This objec-
tive is achieved in the first part of the paper,
which describes an electron microscope study of
replicative DNA from an experiment where no
density label was utilized.

In the second part of the paper, a detailed
comparison of the replication of BUdR-labeled
(heavy) and non-BUdR-labeled (light) DNA is
made. This investigation shows that the initia-
tion of replication of heavy DNA is slightly
delayed as compared to the initiation of replica-
tion of light DNA. Possible mechanisms under-
lying this observation are discussed.

MATERIALS AND METHODS

Strains, media, and growth conditions were the
same as in the preceding paper (7).

Isotope labeling procedures. To obtain heavy
(BUdR-substituted) and light (not BUdR-substituted)
32P_labeled phage of the same specific activity, *?P-
containing light TCG (8) of desired specific activity
was prepared and then divided into two parts. To one
part, a BUdR “package” giving final concentrations
of 200 ug of BUdR per ml, 5 ug of fluorodeoxyuridine
(FUdR) per ml, and 20 ug of uracil per ml was added.
This package contributed a negligible volume to the
medium. Escherichia coli bacteria were pelleted from
a fresh log-phase broth culture and resuspended in the
radioactive media to allow one to two generations
growth to a density of 3 x 10°® cells per ml before
infection. Radioactive phage was isolated and purified
by differential centrifugation as previously described
(8). In some experiments, the radioactive phage was
further purified by CsCl banding; this step had no
noticeable effect on the results. Viability was calcu-
lated from the titer of PFU divided by the particle
titer. The latter was determined from the **P content
of the phage (1 ug of phosphorous = 5 x 10! T4
phage-equivalent units of DNA).

Intracellular DNA was labeled with *H-TdR in the
presence of 5 ug of cold TdR per ml, 5 ug of FUdR per
ml, and 20 pg of uracil per ml, and with *?P in the
presence of 5 ug of cold phosphorous (as phosphate)
per ml.

DNA extraction and gradient analyses. Cells
were lysed either with sodium dodecyl sulfate (SDS)
(12) or with lysozyme and Triton X-100 (17). The
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lysates were digested with Pronase, and the DNA was
extracted with phenol (12). CsCl and sucrose gradient
centrifugation were performed as previously described
(13, 17). Cs,SO, equilibrium density gradients con-
tained 1.1 ml of DNA solution (<2.5 x 10° E. coli cell
equivalents of DNA in 0.15 M NaCl-0.015 M EDTA,
pH 8.0, or 0.15 M NaCl-0.015 M sodium-citrate) per
1.5 ml of saturated Cs,SO, in water; these gradients
were spun for 72 h at 25,000 rpm in a Spinco SW50
rotor. Fractions to be reanalyzed were pooled and
dialyzed 4 to 6 h against 0.15 M NaCl-0.015 M
sodium-citrate (for gradient reanalysis), or against 1
mM EDTA, pH 7.5 (for electron microscopy).

Electron microscopy. DNA was mounted for elec-
tron microscopy by using the formamide technique of
Westmoreland et al. (22) as modified by Davis et al.
(1) and by Delius et al. (3). The hyperphase consisted
of 0.05 to 0.3 ug of DNA per ml in 0.1 M Tris-0.01 M
EDTA (pH 8.5), 0.1 mg of cytochrome ¢ per ml, and
40% formamide. The hypophase contained 10% for-
mamide in 10 mM Tris-1 mM EDTA, pH 7.5. The
buffers were adjusted with HCIl. The grids were
observed in a Siemens Ia electron microscope using an
accelerating voltage of 60 kV and an instrument
magnification of 4,000 to 10,000.

RESULTS

Observations of multiple loops in non-BU -
dR-labeled replicative T4 DNA by electron
microscopy. The use of BUdR-labeled infecting
phage allowed not only a very efficient separa-
tion of phage DNA from bacterial DNA, but
also the separation of non-replicative phage
DNA from the activity replicating moiety (2).
This ascertained a good proportion of replica-
tive structures on the electron microscope grids
(2). In the absence of a density label, the
removal of bacterial DNA is more difficult, and
it is not possible to separate nonreplicative and
replicative phage DNA.

We found that a fairly shallow Cs,SO, gradi-
ent of the type described by Erikson and Szy-
balski (5) gives adequate separation of non-
BUdR-labeled T4 DNA and E. coli DNA (Fig.
1). It is possible to isolate light phage DNA
virtually free from contaminating bacterial
DNA in preparative gradients of this type. The
high molecular weight of the bacterial DNA,
which persists approximately until the time
when hybrid phage DNA appears, results in a
very viscous band of bacterial DNA in the
gradient that is easily noticed during fractiona-
tion. 'i'’hese viscous fractions are then avoided
when the radioactive peak of phage DNA is
pooled for reanalysis.

Samples of light T4 DNA for electron micros-
copy were obtained after infection of light
bacteria with light 32P-labeled phage at a multi-
plicity of 10 particles per cell. The culture was
divided into two parts. Part A was left without



VoL. 12, 1973

PERCENT RECOVERED ACTIVITY

FRACTION OF THE LENGTH OF THE GRADIENT

&—— BoTTOM

Fic. 1. Separation of T4 and E. coli DNA in
Cs,S0,. Bacteria were grown for one generation in
light TCG containing *H-TdR, FUdR, and uracil to a
density of 1.5 x 10°/ml. They were sedimented and
resuspended in light TCG containing 100 ug of cold
TdR per ml, and incubation was continued. At a cell
density of 3 x 10°, the culture was infected with light,
32P_lgbeled T4 phage. Five minutes after infection,
the cells were lysed, and DNA was extracted and
banded in Cs,SO,.

further additions. BUdAR, FUdR, and uracil
were added to part B immediately after infec-
tion. At various later times, samples were with-
drawn, and intracellular DNA was extracted
and banded in Cs,SO,. The analysis of part B
showed normal timing of the intracellular devel-
opment, i.e., PRM were found 5 to 6 min after
infection, and the first hybrid was detected 7
min after infection. Samples isolated from part
A 4 to 6 min after infection were chosen for
electron microscopy.

From the Cs,SO, gradients, fractions corre-
sponding to the peak of phage DNA including
one or two fractions on the heavy side of the
peak, but avoiding the light side of the peak,
were pooled, and after dialysis the DNA was
mounted for electron microscopy. Although
most of the observed molecules did not show
any evidence of having started replication (cf.
Fig. 4 and Table 1), replicative structures
proved frequent enough to be studied. Figure 2
shows some representative molecules. Multiple
loops and forks were seen which were similar to
those observed during the early stages of repli-
cation of heavy DNA (2). A statistical compari-
son of the structures observed here with those
seen in the heavy PRM (2) is not possible due to
the complex structure of integral, replicative T4
DNA which leads to a pronounced tendency of
tangling. Electron microscope observations are
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heavily biased in favor of the few untangled
molecules that are found which do not necessar-
ily form a representative sample of the popula-
tion. Thus, while there are no doubts that
multiple replicative areas are found in non-
BUdR-labeled PRM as in BUdR-labeled PRM,
no conclusions can be based on a comparison of
our light PRM with the heavy PRM studied by
Delius et al. (2), even though the two moieties
were isolated from very similar systems at
comparable times after infection.

With these reservations in mind, a compari-
son suggested that the replicative structures in
the light PRM were larger in comparison to
those seen in heavy PRM (2), and most loops
observed were found in molecules having more
than one replicative structure. Such differences,
if true, could result simply from differences in
timing, if the light PRM represents a somewhat
later stage than the heavy PRM of Delius et al.
(2). On the other hand, the observations could
reflect a further advanced replication and a
higher incidence of multiple replicative areas in
non-BUdR-labeled PRM than what is found in
BUdR-labeled PRM isolated at the same time
after infection. If this were true, BUdR inter-
feres with replication not by causing ‘“‘false”
initiations, but by inhibiting early DNA synthe-
sis.

Comparison of the initial replication of
heavy and light DNA: biased uptake of *H-
TdR to light phage DNA. To explore the
possibility that BUdR interferes with the initia-
tion of DNA replication, PRM from cells mix-
edly infected with light and heavy phage were
studied. This procedure allows an accurate
comparison of the initial events in replication of
the two DNA types. PRM were analyzed by
density and velocity gradients, in addition to
electron microscopy, to avoid the observational
bias and compare the entire populations of light
and heavy parental DNA in the cells.

Light bacteria were infected with heavy and
light 3?P-labeled phage of the same specific
activity of 2P at multiplicity of infection (MOI)
of 5 of each phage type. Three minutes after
infection, *H-TdR was added to the culture to
label newly synthesized DNA. Previous investi-
gations have showed that *H-TdR added at this
time is recovered mostly in phage DNA (7, 9).
At various later times, the intracellular DNA
was extracted from the infected cells for analy-
sis. One portion of extracted DNA was banded
in CsCl to estimate the extent of replication of
the heavy parental DNA (this gradient type
provides a better separation of BUdR-labeled
and non-BUdR-labeled DNA than does
Cs,S0,), as well as the relative amounts of
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v replicated light T4 DNA obtained 4 min (A and C) or 5 min (B)

after infection. Note multiple loops as well as terminal forks in the molecules.

*H-labeled newly synthesized DNA associated
with either parental type of DNA. Another
portion was banded in Cs,SO, to enable isola-
tion of PRM for reanalysis.

The majority of the heavy parental DNA does
not initiate replication until about 6 min after
infection (Fig. 3, solid lines, *?P). Already at 7
min after infection there is significantly less 3P
in the heavy area than originally, and 10 min
after infection there is virtually no 2P in the
heavy location. This proves that all the heavy
parental DNA did participate in replication.

The newly synthesized DNA (Fig. 3, broken
lines, *H) shows a bimodal distribution, as
expected. There is, however, significantly more
H in the light region of the gradient than there
is in the heavy region. This is particularly
conspicuous in the earliest samples where there
is not yet any noticeable replication of the bulk
heavy parental DNA, suggesting a bias in *H-
uptake, or DNA synthesis, which favors the
light parental DNA. A quantitative expression
of the bias is calculated in Table 1. The
activities of *H and 3P recovered in the gradi-
ents in the fractions indicated in the panels of
Fig. 3 were summed, and the sums were ex-
pressed as ratios between light and heavy re-
gions. Column 5 in Table 1 shows the ratio
between *?P in the light area and *?P in the
heavy area; this ratio should equal 1, since an
equal multiplicity of heavy and light particles of
identical specific activity was used to infect the

cells. The fact that the ratio indeed is very close
to 1 shows that there has been no preferential
losses of one replicative moiety. Column 7 shows
the ratios of *H/*?P in the light region divided
by the same ratios in the heavy region. This
provides a measurement of the relative amount
of newly synthesized DNA associated with
either parental type; a ratio of 1 would indicate
that there is equal synthesis per unit mass with
heavy or light template. The observed ratios of 2
to 8 indicate a strong preference in the *H-TdR
uptake, favoring the light parental.

The most obvious explanation for the biased
*H-uptake is that more newly synthesized
phage DNA is associated with the light parental
DNA. While there is little doubt that 3H-TdR
uptake to heavy DNA represents replication of
this heavy DNA, several factors may interfere
with the *H-uptake in the region of light phage
DNA and obscure the results.

Reanalysis of the °H-labeled light moiety
would show whether the H-TdR uptake repre-
sents only light phage DNA replication. Factors
which may influence the uptake of *H-TdR will
be dealt with one by one.

(i) Synthesis of *H-labeled bacterial DNA.
The very low fraction of surviving cells at the
time of addition of *H-TdR (Table 1, column 2)
and previous studies where *H-TdR was added
at this time after infection (7, 9) suggest that
little residual bacterial synthesis should be
expected. If, however, a significant amount of
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Fi16. 3. CsCl analyses of DNA from cells mixedly
infected with heavy and light phage. Light bacteria
were infected with *2P-labeled (sp act 0.5 mCi/mg, P)
light and heavy T4 phage at an MOI of 5 particles
of each kind. *H-TdR (sp act 80 mCi/mg, TdR) was
added after infection to label newly synthesized DNA.
Samples were taken at times indicated in the figure,
and DNA was extracted from the cells with SDS-Pro-
nase-phenol and banded in CsCl (72 h, 29,600 rpm,
Spinco SW50 rotor). No references were added. The
activities of *H and *2P recovered in the fractions
marked H and L in the panels were summed, and
specific activities were calculated (Table 1).
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bacterial DNA was synthesized after the addi-
tion of the isotope, this DNA would band in a
position of the gradient close to the band of light
phage DNA and contribute to the total *H
counts in this area. Three different tests were
employed to verify the phage nature of the
*H-labeled light DNA.

“Light PRM” were isolated from the gradient
illustrated in Fig. 4. One portion of this light
PRM was reanalyzed in Cs,SO,. If a significant
fraction of the °*H-label represented bacterial
DNA, a pattern resembling that seen in Fig. 1
would be expected. Panel C in Fig. 4 shows that
this is not the case. *H-labeled material and
32P_labeled light phage DNA overlap perfectly.
Moreover, the specific activity in the overlap-
ping peaks is the same as in the original analysis
(panel A of Table 1).

Another portion of the pooled light DNA was
tested for reactivity with antibodies against
a-glucosylated DNA. It was shown previously
that newly synthesized T4 DNA from PRM is
equally as reactive with these antibodies as is
DNA from mature phages (7). The *H-labeled
moiety in the light PRM was as well precipi-
tated by these antibodies as was the parental
32P_labeled DNA (Table 2).

A third portion of the light PRM was hybrid-
ized to T4 phage DNA immobilized on ni-
trocellulose membrane filters. No differences
were observed in the extent of hybridization of
the 3H-labeled DNA and of the parental DNA
(Table 2). Taken together, these results prove
that there is no significant contribution by
bacterial DNA to the total *H-uptake in the
light region of the gradient.

(ii) Completion of the second round of
replication of heavy DNA. This would result
in *H-TdR uptake to the light region of the
gradient even though the first round was initi-
ated on heavy matrix. Considering the fact that
at the time when PRM are isolated less than 5%
of the heavy parental has completed the first
round of replication (Fig. 3, 4A), it seems
unlikely that any significant proportion of *H-
uptake can be due to a very small fraction of
rapidly replicating DNA. This remote possibil-
ity was tested, however, in one experiment (expt
3 in Table 1) by infecting a portion of the
culture with heavy phage alone. Intracellular
DNA from this culture was analyzed by CsCl
centrifugation at the same times after infection
as the samples from the mixed infection. There
was no measurable synthesis of light phage
DNA until 8 to 10 min after infection. Thus, no
heavy DNA has completed a second round of
replication at the times when the biased
*H-TdR uptake is observed.
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TaBLE 1. Biased uptake of *H-thymidine to light T4 DNA®
Expt Fraction of Viability L/ Time? after “pL/ “H/ P (*H/"P) L/
surviving cells viability H infection 2P H H L (*H/*?P) H
1¢ 6.5 x 104 1.6 3min30s 1.06 0.87 2.35 2.7
4 min 1.03 4.42 7.58 1.8
5 min 1.14 7.9 27.6 3.5
2 4 x10°* 2.2 3min30s 0.98 0.062 0.312 4.1
4 min? 1.01 0.262 1.22 4.7
4 min 30 s 1.05 0.362 1.53 4.2
5 min 1.07 1.36 6.35 4.7
3 3x10-3 2.7 4 min 0.96 0.174 0.268 1.5
5 min® 0.97 0.373 2.03 5.4
6 min 0.89 0.813 6.20 7.6

oL, Light; H, heavy.

®The first hybrid from heavy templates appeared 5 min after infection in experiments 1 and 2, and 6 min

after infection in experiment 3.
¢ See Fig. 3.
4 See Table 3.
¢See Fig. 4 and 5 and Table 3.
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Fic. 4. Isolation of heavy and light PRM from mixedly infected cells. Intracellular DNA obtained, as
described in the legend to Fig. 3, 5 min after infection was banded in Cs,SO,. The CsCl analysis of this sample is
summarized in Table 1 (expt 3, 5 min). Fractions indicated by the arrows marked H and L in panel A were
pooled for further study. Panel B shows the reanalysis of heavy PRM in CsCl, and panel C shows the reanalvsis

of light PRM in Cs,SO,.

°H and **P represent progeny and parental DNA, respectively; no references were

added. Numbers in the panels refer to the ratio o/’ *H/**P in the indicated fractions. The presence of a third peak
lzghter than the main peak of light phage DNA in panel A is an artifact due to the presence of a large quantity of
very viscous bacterial DNA which bands between the main peak of light phage DNA and the auxiliary peak.

Reanalysis of DNA from the auxliary peak showed that only light phage DNA is present in this moiety (data

not shown).

(iii) Lower viability of heavy phages. While
light phages always are 80 to 100% viable, the
viability of BUdR-substituted phages is often
somewhat lower. In these experiments, the
difference was about twofold (Table 1, column
3). However, a low viability does not necessarily
mean that the phages remain ‘“dead” under
conditions of multiple infection. We invariably
observe that simultaneously infecting viable
phage will rescue the ‘“dead” phages and pro-
mote their replication in multiple infections.
This is demonstrated in the experiment illus-
trated in Fig. 3, where all the heavy parental

DNA replicated although only 46% of the heavy
phage particles were able to form plaques. One
may assume, for sake of argument, that this
rescue takes place relatively late after infection
(although there are no proofs, or even reasons,
that this should be so0). The bias factor can then
be normalized with respect to experimental
differences in the viability ratio. This yields a
“corrected” bias close to 2 for the amount of
synthesis just prior the appearance of the first
hybrid in all experiments.

Considering these three points, it can be
concluded that there is at least twice as much
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TasLE 2. Hybridization and antiserum precipitation
of light PRM
Sp act of *H/**P*
nput? oGlucosylated | Phage DNAS
1.00 1.32 1.11

s Trichloroacetic acid-precipitable counts per min-
ute.
® Normalized to *H/*?P in the input = 1.00.

¢ Precipitated with antiserum against a-glycosyl- °

ated T4 DNA according to the method of McNicol
and Goldberg (submitted for publication).

4 Hybridized to nitrocellulose filters charged with
T4 DNA according to the method of Denhardt (4).

phage DNA synthesis on a light template as
there is on a heavy template in mixedly infected
cells early after infection, suggesting that heavy
DNA is a poorer substrate for the DNA replica-
tion machinery than is normal light DNA.

Comparison of the initial replication of
heavy and light DNA: delayed initiation of
heavy DNA replication. There are several
conceivable mechanisms which would lead to a
lower net DN A synthesis during the early stages
of replication of heavy DNA. Initiation of repli-
cation may be delayed, while the rate of elonga-
tion is unaffected. There may be fewer initiation
sites in heavy DNA, while both initiation and
elongation proceed at normal rates. The num-
ber of initiation sites and the rate of initiation
may be normal, while elongation proceeds more
slowly. The BUdR substitution may also, of
course, affect two or three of these events
simultaneously. An estimation of the size of
individual replicative regions, as well as a
determination of the rate of net DNA synthesis
with and without BUdR, will allow a choice
between these alternatives.

(i) Size of replicative regions. Light and
heavy PRM from the Cs,SO, gradient illus-
trated in Fig. 4 were examined by electron
microscopy. This study confirmed the previ-
ously voiced suspicion that replicative loops in
heavy PRM were smaller and that multiple
replicative regions less numerous than what was
observed in the light PRM without, however,
providing any definite proofs for that notion.
The observational bias in microscopy of T4
DNA molecules, which was mentioned previ-
ously, necessitated the use of an additional,
unbiased technique to verify this suspicion. The
pooled light and heavy PRM moieties were
sedimented through alkaline sucrose gradients
together with 32?P-labeled T7 reference DNA
(Fig. 5, Table 3). The results indicate that
newly synthesized DNA in the heavy PRM is
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indeed smaller than that in the light PRM by a
factor of 1.6 to 1.8. The fact that the relative
difference in size between light and heavy PRM
seems to remain fairly constant (Table 3) sug-
gests that it is the initiation which is delayed,
while the net replication rate is similar in the
two cases. This is also suggested by the similar
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Fic. 5. Alkaline sucrose gradient analysis of newly
synthesized DNA from heavy and light PRM. The
PRM moieties from the gradients illustrated in Fig. 4
were sedimented through separate 5 to 20% alkaline
sucrose gradients together with **P-labeled T7 refer-
ence DNA (35,000 rpm, 3 h, Spinco SW50 rotor). The
two sedimentation patterns were then superimposed
to facilitate comparison between the two moieties by
using the position of the T7 marker to align the two
gradients. The figure shows this superimposed pat-
tern. Solid lines, Progeny DNA from light PRM;
broken lines, progeny DNA from heavy PRM. Molec-
ular weights were calculated from the relative dis-
tance sedimented using the nomogram of Litwin et al.
(14).
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TaBLE 3. Molecular weights® of single strands of
newly synthesized DNA from heavy and light PRM

Sample Heavy PRM mol | Light PRM mol
p wt (x10°) wt (x 105)
Expt 2,4 min 3.3 5.8
Expt 3, 5 min 4.6 7.2

a Calculated according to Litwin et al. (14).

rate of *H-TdR uptake to light and heavy DNA
(Table 1, column 6).

(ii) Net DNA synthesis. Previous work has
suggested that the rate of net DNA synthesis is
not affected by the presence of BUdR (A. W.
Kozinski, unpublished data). The following ex-
periment verified this. Light or heavy bacteria
were infected with cold, light T4 phage. To both
cultures *?P was added 5 min after infection,
and at various later times the amount of newly
synthesized DNA was calculated from the tri-
chloroacetic acid-precipitable, alkali-resistant
counts. A third permutation of this experiment,
mimicking the mixed infection experiments,
would have been to measure DNA synthesis in
light cells infected with heavy phage. In this
case, however, an effect of BUdR could be
expected only during the initial rounds of repli-
cation, since at later times newly synthesized
light DNA will be more abundant than the
heavy parental molecules, and late synthesis
will therefore predominantly utilize newly syn-
thesized, light templates. By comparing, in-
stead, replication in BUdR-medium with the
replication in light medium, any BUdR effect
will be repeated in each round of replication and
will be noticed more easily (Fig. 6). There were
no significant differences in the net rate of DNA
synthesis in the two cultures.

Taken together, these results support the first
of the three alternatives. The initiation of
replication of heavy DNA is delayed in compari-
son to initiation of light DNA replication, but
there is no difference in replication rate, once
synthesis has been started.

(iii) DNA-protein complexes. The delayed
initiation could reflect a delayed formation of
the protein-complex of replicative DNA (6, 12,
17). Alternatively, the rate-limiting step could
be a later event, for instance the attachment of
replicative enzymes to the DNA, or the separa-
tion of parental strands necessary to start syn-
thesis of new progeny DNA strands.

The “‘complex’ is formed around 2 to 5 min
after infection (15) between parental phage
DNA and components of the bacterial cell,
which probably includes parts of the cell mem-
brane (16). Formation of this complex is essen-
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tial for the initiation of DNA replication (17).
Complexes may be isolated conveniently by
virtue of their very rapid sedimentation through
low-salt sucrose gradients (17). An experiment
was performed to test whether light and heavy
DNA entered this complex at the same time.
Light cells were infected with heavy and light
32P.labeled phage as previously, though no
*H-TdR was added, and samples were with-
drawn at intervals after infection for analysis.
Part of the infected cells were lysed with lyso-
zyme and Triton X-100, and the lysate was
sedimented through a low-salt sucrose gradient.
Another part of the cells was lysed with SDS,
and DNA was extracted and analyzed in CsCl.
Fractions of complexed DNA were isolated from
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FiG. 6. Net DNA synthesis in E. coli infected by
T4 in the absence or presence of BUdR. E. coli was
pregrown for one generation in light or heavy TCG
medium containing 5 ug of phosphorus (as phosphate)
per ml, to a density of 3 x 10® cells/ml. The two
cultures were infected with cold, light T4 phage (MOI
5). Five minutes after infection, **P was added (sp
act 0.5 mCi/mg, P). At this time, 0.1% of the cells
survived. At the times indicated in the figure, samples
were withdrawn, and the extent of DNA synthesis per
infected cell was calculated from the alkali-resistant,
trichloroacetic acid-precipitable counts (20), knowing
that 1 ug of P corresponds to 5 x 10'° T4 equivalents
of DNA.
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the sucrose gradient and extracted with Pronase
and phenol, and the DNA was banded in CsCl.
This complexed DNA revealed the same 50:50
proportion of heavy and light DNA that was
found in the total cell lysate, also at early times
after infection when only part of the injected
DNA had entered the complex (data not
shown).

This shows that light and heavy DNA display
no differences in the rate of complex formation,
and the cause for the delay in initiation of
replication must be sought elsewhere. Some
possible alternatives are discussed below.

DISCUSSION

Several previous investigations where BUdR
was utilized to facilitate isolation of replicative
T4 DNA have documented that the initiation of
DNA replication takes place at multiple sites.
This was evident from experiments involving
shearing of partially replicated molecules (7,
11), from an electron microscope study of par-
tially replicated molecules (2), and from an
experiment where fragments corresponding to
the replicated portions of partically replicated
molecules were hybridized to random T4 DNA
fragments and the hybrid was subsequently di-
gested with E. coli exonuclease I (7). The results
of the electron microscope study documented in
the first part of this paper show that multiple
loops are found in replicative molecules con-
taining no BUdR (neither in parental nor in
newly synthesized DNA), indicating that multi-
ple initiation of DNA replication is a normal
event in T4 development. Although only cir-
cumstantial evidence support the interpretation
that the observed loops and forks result from
replication, we feel that this conclusion is well
justified. Nonreplicative DNA, either from ma-
ture phages or from nonpermissive cells infected
with D° amber mutants, do not display any
loops or forks of this type (2; Karin Carlson,
unpublished observations). It is unlikely that
the observed structures result from molecular
recombination, since the analysis of part B
(BUdR added after infection) showed that the
first round of replication was not completed at
the time of sampling. We do not observe any
recombination in this system until well after the
first appearance of hybrid DNA (5, 13).

In the second group of experiments, the
possibility that BUdR affects initiation in some
different manner was explored by using mixed
infection to allow the study of replication of
both heavy and light DNA in the same cells.
Phage DNA synthesis early after infection was
found preferentially on light, TdR-containing
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templates, and to a lesser extent on BUdR-con-
taining templates. The preference amounted to
a two- to a eightfold bias favoring the light
template.

Among the various plausible explanations for
this bias, a slower rate of initiation of heavy
DNA replication followed by a net rate of DNA
synthesis similar to what is observed with a
light template is favored by evidence docu-
mented in Fig. 5 and 6 and in Table 3. Heavy
and light parental DNA entered the replicative
complex of phage DNA and various cell compo-
nents with the same efficiency, suggesting that
the initiation event itself is the target for BUdR
inhibition. We cannot rigorously exclude the
possibility that fewer initiation sites are utilized
in heavy DNA, although the fact that similar
rates of net DNA synthesis were observed in the
presence and absence of BUdR does not favor
this hypothesis. Results described in the pre-
ceding paper (7) also suggest that there are no
differences in the number of replicative sites per
molecule in heavy or light PRM.

An estimate of the average number of replica-
tive areas in heavy and light PRM from the
mixedly infected cells may be obtained from the
total amount of newly synthesized DNA and the
average size of individual replicative areas (7).
Although an estimate of the size of the latter
from sucrose gradients is not as sensitive as the
shearing assay used by Howe et al. (7), strand
lengths calculated this way agree both with the
average loop size seen in the electron micro-
scope (2) and with the average size of replicated
regions calculated from the density of sheared
PRM (7). The fact that only replicated regions
contributing significantly to the total radioac-
tivity are observable by this technique will
possibly lead to an underestimate of the number
of regions.

The total progeny contribution in the isolated
heavy PRM (Fig. 4B) is 14.7%, corresponding to
about 22 x 10° daltons of replicated DNA per
molecule. The average molecular weights of
single progeny strands is 4.6 x 10¢ (Fig. 6, Table
3), which suggests that there are on the average
two to three replicative sites per heavy PRM. In
the case of the light DNA, some additional
assumptions must be introduced before the
number of replicative areas can be calculated,
since we cannot directly measure the total mass
of progeny DN A per molecule, or the proportion
of replicative molecules in the total population.

The specific activity of *H/*?P in the isolated
heavy and light moieties (Fig. 4B and C)
provides an estimate of the total amount of
newly synthesized DNA in the light DNA, since
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the same extent of *H-TdR uptake corresponds
to the same quantity of DNA synthesis with
either template. In both cases some of the 32P
undoubtedly represents unreplicated DNA. The
electron microscopy of both heavy and light
moieties revealed that the majority of the
observed molecules lacked any replicative
structures. This introduces an error in the
calculations, which will, however, lead to an
additional underestimate of the number of rep-
licated regions in light PRM. While isolation of
heavy PRM separates replicative DNA from
nonreplicated DNA by virtue of their different
densities, no such separation is achieved in
isolation of light (non-density-labeled) DNA.
The *H/*?P ratio in the light moiety is therefore
probably ‘““diluted out” by nonreplicative mole-
cules (having only 22P label) to a larger extent
than the ratio in the isolated heavy PRM, from
which a large fraction of nonreplicative DNA
has been removed. The specific activities of
3H/*?P of 0.81 in the peak of isolated heavy
PRM and 1.53 in the isolated light DN A moiety
(Fig. 4) indicate that light PRM contain at least
twice as much newly synthesized DNA per
replicative molecule as does heavy PRM. Thus,
there is at least 44 x 10°¢ daltons of replicated
DNA per molecule. Since the average molecular
weight of single strands of newly synthesized
DNA is 7.2 x 10° (Fig. 5, Table 3), there are at
least three replicative regions per molecule.

A different estimate may be obtained by
comparing specific activities in the first frac-
tionation of intracellular DNA (Fig. 3). If initia-
tion of heavy templates is somewhat delayed in
comparison to initiation of light templates, one
would expect a higher proportion of nonre-
plicated DNA in the heavy region of the gradi-
ent than in the light region. A comparison of
3H/??P ratios in the heavy and light regions
(Table 1) may, therefore, yield an overestimate
of the number of light replicative regions. The
5.4-fold higher specific activity of *H/*?P in the
light moiety (Fig. 3, 4A; Table 1) suggests that
there is 120 x 10° daltons of replicated DNA per
light molecule, or eight replicative sites. The
true number may lie in between these two
extremes.

These calculations suggest that there are two
to eight initiation sites in T4 DNA, a number
which is in good agreement with the estimate
obtained in the preceding paper (7). The fact
that there appears to be fewer replicative re-
gions in our heavy PRM than in the light PRM
suggests that within each molecule individual
sites may be initiated sequentially. “Early”
PRM (represented by the heavy PRM in this
case) will then have fewer replicative regions
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than “late” PRM (represented by the light
PRM here). The “‘silent” replicative sites in the
early PRM may be uninitiated, or initiated so
recently that no significant amount of newly
synthesized DNA in the preceding paper (7)
also suggested sequential initiation of individ-
ual replicative regions. As discussed above, we
consider such sequential initiation more likely
than a complete lack of initiation of some sites
in heavy DNA.

We conclude that initiation of DNA replica-
tion is delayed by the BUdR substitution in the
DNA template, but the number of initiation
sites per molecule and replication per se are
most likely not affected. Judging from the rate
of uptake of *H-TdR to heavy and light DNA
(Table 1, column 6), the delay corresponds to
about one minute of development at 37 C.

There are several alternative explanations to
the delay in initiation. There may be a delayed
attachment of replicative enzymes at the initia-
tion sites if the BUdR residues impair the
recognition by these enzymes. Another possibil-
ity is that the initial separation of parental
strands to allow insertion of new bases requires
more effort when the DNA is substituted with
BUdR than is necessary with normal light
DNA. While we have no data to support either
of these alternatives or exclude the possibility
of still some other mechanism of action, known
properties of BUdR-substituted DNA may pro-
vide some hints. The melting temperature of
BUdR-substituted DNA is about 10 C higher
than that of light DNA (10). Thus, the separa-
tion of the two heavy template strands in the
initial stages of DNA replication may be less
efficient than the separation of light DNA
strands.

Mosig and Werner (19), Mosig (18), and
Marsh et al. (15) have obtained data which were
interpreted as indicating unidirectional replica-
tion from a single, genetically defined origin.
Their data are more fully discussed in the
preceding paper (7). While our data are not
contradictory to specific initiation points or a
sequential initiation, events which could mimic
single specific initiation when viewed at a later
stage of development, we find replication from
multiple origins a normal mode of DNA synthe-
sis during the first round of replication of T4
DNA molecules.

Addendum

During the preparation of this manuscript, it came
to our attention that multiple loops in replicative
non-BUdR-labeled T4 DNA have been observed also
by Y. Naot and C. Shalitin (personal communica-
tion).
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