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This paper further explores the relationship of viral DNA replication to
bacteriophage T4 late gene expression. It is shown that replication-coupled and
-independent late transcription make different qualitative or quantitative de-
mands on phage protein synthesis. In further analysis of these different protein
synthesis requirements, experiments were performed with a temperature-sensitive
mutant in T4 gene 55 (¢s553). It is known that the gene 55 product regulates T4
late gene expression and binds to RNA polymerase. In the experiments presented
here, it is shown that the temperature sensitivity of the ¢s553 gene 55 protein
depends on whether it is involved in replication-coupled or -independent T4 late
transcription. This is evidence that the proteins constituting the transcription
apparatus interact differently with late transcription units in T4 DNA, depending
on whether late transcription is replication coupled or independent.

The expression of the viral late genes during
the normal growth cycle of bacteriophage T4
depends on: (i) the action of several virus-coded
regulatory gene products (3, 7, 17) that bind to
RNA polymerase (19, 22-24), which is ADP
ribosylated after phage infection (8, 26), and (ii)
the creation of a “competent” DNA template.
The chemical nature of DNA competence is not
yet worked out but is known to involve interrup-
tions in DNA primary structure (21). Replica-
tion normally provides the competent template,
but late gene expression can also occur in the
absence of replication (14, 20, 21). Our recent
work has concentrated on the circumstances for
achieving replication-independent late gene
expression and on the regulation of late gene
expression in the absence of replication. We
showed that relative to replication-coupled late
protein synthesis, the “uncoupled” protein syn-
thesis is delayed, is temperature sensitive, and
depends on the multiplicity of infection. How-
ever, replication-uncoupled late gene expression
still depends on the function of the three T4
regulatory proteins gp33, 45, and 55 (4, 29, 30).

In the experiments described here, we have
probed the relationship of viral proteins to rep-
lication-coupled and -independent late gene
expression for hitherto unexplored differences.
We present evidence that such differences exist.
We also present indirect evidence that at least
one of the virus-coded RNA polymerase binding
proteins undergoes different interactions in rep-
lication-dependent and -uncoupled late gene
expression.

MATERIALS AND METHODS

Bacterial strains and phage T4 mutants. Esch-
erichia coli BE (su™) was used throughout these ex-
periments. CR63 (su,*) served as the permissive host
for plating amber phage mutants. Abbreviations used
are as follows: am, amber; ts, temperature sensitive;
pol, DNA polymerase; lig, DNA ligase; exof, the
DNase function (presumably an exonuclease function)
controlled by T4 gp46). The following T4 phage mu-
tants (28) were used: T4D* (wild type), tsP36 (gene
43, pol~), amE4301 (gene 43, pol™), ts553 (gene 55),
amH39X (gene 30, lig~), and amN130 (gene 46, exof").
These mutants were backcrossed at least twice against
wild-type T4D. ts553 was obtained from J. Pulitzer.
It had been checked for its temperature sensitivity,
for the absence of second, suppressor mutations in
gene 45 (5, 6), and for the temperature insensitivity
of DNA replication. A second stock of ¢s553, from our
own collection, did not differ in its properties from
the above mutant. Multiple mutants were constructed
and were checked by liquid complementation accord-
ing to standard methods.

Media. M9S medium, which is M9 supplemented
with 1% Casamino Acids (2), was used for growing
phage stocks and for experiments. In certian experi-
ments, protein synthesis was inhibited by adding 200
ug of chloramphenicol (CM) per ml.

Phage infection and manipulation of temper-
ature shift-down experiments. E. coli BE were
grown at 37°C to a density of 4 X 10° cells/ml and
then transferred to the appropriate temperature 5 to
10 min before phage infection. Cells were infected at
a multiplicity of 6 to 10 for those phage mutants that
were not defective in DNA synthesis, but a multiplicity
greater than 15 was used for infections for replication-
defective (DO) mutants (to enhance late gene expres-
sion). The protocol for temperature shift-down was
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as follows: at various times after infection at 40.5 or
43°C, portions of cultures were either treated with
CM 30 s before shift-down or were not so treated.
The shift-down was done in this order: 1 volume of
ice-cold M9S with or without CM was pipetted into
an aerated and prewarmed tube in a 30°C water bath,
and then 2 volumes of culture from the higher tem-
perature were immediately poured into the tube. In
this manner, the temperature dropped to 29°C within
30 s and returned to nearly 30°C within 1 min.

Other methods. RNA labeling, isolation, and hy-
bridization with separated strands of T4 DNA was
done as described or referenced previously (29). Viral
DNA synthesis was followed in terms of the incorpo-
ration of [*H]thymidine into acid-insoluble material
as described previously (32).

Materials. [5-*H]uridine (25 Ci/mol) and [°H]thy-
midine were obtained from the New England Nuclear
Corp. CM was purchased from Calbiochem. Other
chemicals were standard reagent grade.

RESULTS

Effect of inhibition of protein synthesis
on T4 late transcription. Both phage DNA
replication and late gene expression require the
synthesis of virus-coded proteins before their
initiation (7, 27). In the first experiment, we
examined the synthesis of DNA and late RNA
in wild-type phage-infected cells when CM was
added at various times after infection. In this
and the following experiments, the fraction of
[*H]uridine-pulse-labeled RNA hybridizing to
T4 r-strand DNA was used as the measure of
the transcription activity of T4 late genes (9, 10).

The kinetics of r-transcript synthesis in wild-
type phage-infected cells at 30°C are shown in
Fig. 1, together with the effect of CM addition
at various times after infection. A similar exper-
iment was carried out on the synthesis of viral
DNA and is presented in Fig. 2. The results are
essentially in agreement with a previous report
(17), in which late transcription was analyzed
in less detail and by a different method. How-
ever, the time scale of late transcription and of
replication is advanced here by 1 to 3 min rela-
tive to previously published experiments and
other experiments in our laboratory. The feature
of this experiment that we wish to stress is that
the inhibitory effect of CM on r transcription is
maintained for a much longer time than its
inhibitory effect on DNA synthesis. For exam-
ple, treatment with CM at 8 min after infection
still effectively inhibits r-strand synthesis but not
DNA synthesis. It is not until 15 min after
infection that the addition of CM has very little
effect on the synthesis of r-strand RNA. These
results suggest that the first initiation of DNA
replication and r transcription happen within a
relatively short time period but that a longer
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Fic. 1. Kinetics of r transcription in E. coli BE
infected with T4 wild type: effect of CM. E. coli BE
were infected at 30°C with T4D* (multiplicity = 8).
At various times after infection (a.i.), samples were
treated with CM (100 ug/ml), and portions of these
samples were pulse-labeled for 2 or 3 min with [FH]-
uridine (30 xCi/ml) at various times thereafter. Con-
trol samples were not treated with CM. r transcrip-
tion is expressed as the percentage of total PHIRNA
hybridization specific to the r strand of T4 DNA (i.e.,
counts per minute hybridizing to r strand DNA di-
vided by the sum of the counts per minute hybridizing
to l and r strands). All data in this and subsequent
figures have been corrected for the background of
radioactivity binding to nitrocellulose filters in the
absence of added DNA. The backgrounds ranged
from 0.1 to 5% of the radioactive RNA input and
were usually within the range of 1 to 2%. Symbols:
(@) no CM addition; (M) CM addition at 4, 5, 6, 7, 8,
10, 12, 15, or 18 min.

duration of protein synthesis is needed for effec-
tive and abundant r transcription.

In the next experiment, we examined the ef-
fects of CM on “processing”-dependent but rep-
lication-independent T4 late transcription. Proc-
essing is the name that has been given to the
as yet incompletely specified structural changes
of DNA required for activation of late gene
expression (21, 30). The experiment (see Fig. 3)
was carried out with su™ bacteria infected with
pol up-lig am-exof ., T4 phage, which have
been the subject of extensive prior analysis (30).
It has been previously shown that in such infec-
tions, r transcription occurs in the absence of
DNA synthesis and depends on the multiplicity
of infection. In the absence of CM, the onset of
r transcription (Fig. 3, open symbols) is delayed
relative to the wild type (Fig. 1, open symbols),
the maximum percent r transcription is depressed
relative to the wild type, and this maximum
relative rate is reached later (cf. 30). No elabo-
rate or extensive differences in the synthesis of
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[3H]-Tdv incorporation (cpm x 1074/ sample)
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Time (min 0.i.)

F1G. 2. Effect of CM on T4 DNA synthesis. E. coli
BE were infected with T4 wild type as described in
the legend to Fig. 1, except that [PH]thymidine (10
#Ci and 5 ug/ml) and deoxyadenosine (200 ug/ml)
were added 1 min after infection (a.i). Thymidine
incorporation into DNA was measured by pipetting
0.07-ml samples of the infected culture onto
3MM paper disks (2.4-cm diameter). Disks were
washed with 5% Cl;CCOOH and with 95% ethanol
as previously described (32). Symbols: (Q) control,
no CM treatment; (@) CM-treated cultures except for
CM addition at 15 min, which is designated by (X).

early proteins during the first 10 min after infec-
tion by wild-type phage and by pol--lig--exof~
phage have been noted (cf. 31). If the proteins
required for DNA processing were early pro-
teins, they should be made within the first min-
utes after infection, and DNA processing as well
as its concomitant late transcription should
thereafter be insensitive to inhibition by CM.
We had therefore thought it likely that the
delayed onset of r transcription might solely re-
flect the time required for DNA processing. That
expectation is not realized: r transcription is to-
tally sensitive to CM inhibition for 10 min at
30°C, greatly (greater than 75%) sensitive for 15
min, and substantially sensitive for 20 min.
These results are summarized and simplified in
Fig. 4, in which the “relative r transcription”
activity, R, has been plotted against the time of
CM addition for infections with different T4
mutants. R is defined as the ratio of the maximum
percent r transcription after CM addition (at time
t) to the maximum r transcription in the control
experiment to which no CM has been added.

J. VIroL.
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F1G. 3. Kinetics of r transcription in pol-lig--
exof mutant-infected cells after CM addition. E. coli
BE at 30°C were infected with amE4301-amH39X-
amN130 (gene 43--30~-46", pol=-lig"-exof ) at a mul-
tiplicity of 17. CM treatment and RNA analyses were
done as described in Fig. 1. Symbols: () no CM
addition; (B) CM added at 4, 6, 8, 10, 15, 20, or 30
min (}). a.i., After infection.

The time course, R(¢t), shows the extent and du-
ration of the inhibitory effect of CM on late
transcription. When R equals 1, late transcription
is insensitive to inhibition by CM.

Data from additional experiments are also
summarized in Fig. 4. In these experiments, E.
coli BE have been infected at 40.5°C with T4
wild type and with pol~-lig~-exof  phage that
are either am or ts in the pol gene (gene 43).
For one of these infections (pol,), the primary
data are shown in Fig. 5. All of these results
show the same features. In the absence of repli-
cation, the onset of late transcription is delayed
and the sensitivity of 7 transcription to inhibition
by CM is prolonged.

The next experiment confirms that different
sensitivities to inhibition by CM are, indeed,
related to the occurrence of replication. For this
experiment, the cells were infected with pol—,,-
lig am-exof .. phage at 40.5°C. Although viral
DNA is not replicated at this temperature, the
ts lesion in P36 is known to be substantially
reversible (20). At various times after infection,
CM was added, and 0.5 min later each culture
was split in two, one part being shifted down to
30°C to permit DNA synthesis while the other
remained at 40.5°C. r transcription was measured
at various times after the shift-down, as de-
scribed in Fig. 1 and 3. The results are presented
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F1G. 4. DNA replication, CM addition, and the
regulation of T4 transcription. Data from Fig. 1, 3,
and 5 and from other experiments are summarized
in terms of the variation of R, the relative r transcrip-
tion activity, as a function of time, t, at which CM is
added. R = [Tyoy (+CM)]/[Tmax (—CM)], where I,
(+CM) is the highest level of r transcription attained
at any time after CM addition and 1., (—CM) is the
highest level of r transcription attained at any time
after infection (a.i.) in the control to which no CM
has been added. Symbols: (O and O) T4D* at 30°C,
I'max (—CM) = 70 and 69%, respectively; (@) T4D* at
40.5°C, Tpax (-CM) = 51%; (X) tsP36-amH39X-
amN130 at 40.5°C, Iyax (—CM) = 40%; (A) amE4301-
amH39X-amN130 at 40.5°C, Iya (—CM) = 43%; (L)
amE4301-amH39X-amN130 at 30°C, rp., (-CM) =
48%.

in Fig. 6, in terms of the relative r transcription
activity, R, as a function of the time of CM addi-
tion. The effect of CM on the quantity, R, clearly
depends on whether replication is allowed to
occur after protein synthesis has been inhibited
(Fig. 6b). Controls with wild-type phage in which
replication occurs at both the high and low
temperature (Fig. 6a) and with pol ,,-lig om-
exof .n phage in which replication occurs at
neither temperature (Fig. 6¢c) do not show a
comparable effect of temperature shift on R. (Fig-
ure 6¢ partly hides some complications which
are probably due to temperature sensitivity of
replication-uncoupled late transcription [30] and
which are further discussed in the next section.)

Gene 55 product. In principle, the effect of
CM on late transcription might be due to two
causes: (i) induction of antibiotic-induced polar-
ity (1, 12, 16) selectively affecting late transcrip-
tion (we think that this is unlikely, because
antibiotic-induced polarity appears to be elimi-
nated soon after T4 infection as part of what
has been called the “early regulatory event” [see
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F1G. 5. Kinetics of r transcription in E. coli B
infected with pol .-lig um-exof .~ phage. Bacteria
were infected at 40.5°C at a multiplicity of 17 and
processed as described in the legend to Fig. 1. Sym-
bols as in Fig. 1. CM was added at 5, 8, 10, 15, 20,
30, or 45 min (). a.i., After infection.
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F1G. 6. Effect of temperature shift-down (40.5°C
- 30°C) and of CM on the relative r transcription
activity, R, in (a) wild type-, (b) tsP36-amH39X-
amN130-, and (c) amE4301-amH39X-amN130-in-
fected E. coli BE. Temperature shift-down was car-
ried out as described in the text. Other procedures
are described in the legend to Fig. 1. R is defined in
the legend to Fig. 4. Symbols: (O) CM added and
shifted down to 30°C (CM,,); (®) CM added but held
at 40.5°C (CM,,;7). a.i., After infection.

18 for extensive discussion]; (ii) prevention of
the synthesis of protein required for r transcrip-
tion. Early and middle viral protein synthesis
does not depend absolutely on replication, and
replication-coupled late transcription is thought
to depend only on early and middle, i.e., pre-
replicative, proteins. Accordingly, the different
CM sensitivities of replication-dependent and
-independent transcription might reflect either
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a requirement for different proteins or a require-
ment for different quantities of the same pro-
teins. In the former case, one can conceive of
the possibility that replication-independent late
transcription is actually strongly dependent on
a late protein and is thus involved in a positive
feedback regulatory loop. It was this conjecture
that prompted the next experiment with a gene
55 mutant. The analysis follows the scheme of
the preceding temperature shift-CM experi-
ments but involves the gene 55 mutant ¢s553,
which is temperature sensitive for late gene
expression (17).

First, we examined the temperature reversi-
bility of r transcription in £s553-infected bacteria
under various conditions. Cells were infected at
the nonpermissive temperature of 43°C. Ten or
20 min after infection, the cultures were either
treated or not treated with CM and shifted down
to 30°C 30 s later. Figure 7 shows the results
for r transcription of ¢s553 with or without an
additional ¢s mutation in the pol gene. As al-
ready mentioned, £sP36 is temperature reversi-
ble with respect to viral DNA replication; it is
also reversible with respect to r transcription
(Fig. 7a). At 43°C, ¢s553 is not entirely blocked
in r transcription but is highly reversible (Fig.
7b). In the double ¢£s mutant, tsP36-£s553, r tran-
scription at 43°C is completely blocked (Fig.
7c). Considerable recovery of r transcription can
be achieved after shift-down into CM (Fig. 7¢),
although the recovery is incomplete or delayed
relative to the recovery of the component single
mutants (cf. Fig. 7a and b). Introducing the
lig.. and exof,, mutations does not fundamen-
tally change the picture (Fig. 7d and e). The r
transcription of the pol=,,-lig~ sn-€x0f o, mutant

[0) [b) [e)
60 L o

a0 L .

7 -transcription (%)

20 - -
e

L 1 L L

P—d

J. VIROL.

is substantially reversible after 10 or 20 min at
43°C (Fig. 7d). When the 5553 mutation is also
introduced, recovery of r transcription still occurs
after shift to the permissive temperature for the
pol and gp55 function, but recovery (shift-down
without CM) is clearly impaired relative to the
separate ¢s55 (Fig. 7b) and pol-,, (Fig. 7a) or
pol=-lig op-exof o, (Fig. 7d) cases.

The second part of the experiment shows that
in the absence of DNA replication, the reversi-
bility of the ¢£s553 mutation is essentially abol-
ished and the capacity for subsequent late tran-
scription is destroyed by prior incubation at
43°C. Holding pol ,,-gp55 ,-infected cells at
43°C for 20 or even 10 min destroys the ability
torecover rtranscription evenif protein synthesis
is allowed (Fig. 8b). In contrast, 10 or even 20
min of preincubation at 43°C allows some r tran-
scription to be retained by pol=,.-infected cells
(Fig. 8a). For the pol ,-lig” um-€x0f om system
of mutants, the situation is identical: preincu-
bation at 43°C for 10 or 20 min does not destroy
the capacity for r transcription (Fig. 8c). Intro-
duction of the lig and exof mutations makes the
late transcription somewhat more temperature
resistant (cf. Fig. 8a and c; see also 30). Never-
theless, the pol=o-lig ™ am-€X0f am-8P55~ s mutant
loses its capacity for r transcription in the pres-
ence or absence of CM within 10 min at 43°C
(Fig. 8d). That not only the temperature revers-
ibility, but also the temperature sensitivity, of r
transcription by the ¢s553 gene 55 product is
affected by polymerase mutations is suggested
by the simple experiment shown in Table 1.
Here, r transcription by E. coli after infection
with pol= .., pol™,,, and ts553 mutants and double
mutants at 37°C has been tested. Under our

2 40 6 20 40 60 20

L 1
30 6 20 40 60 20 40 0

Time (min 0.i.)

F1G. 7. Effect of temperature shift-down (43 — 30°C) and CM on r transcription: the ts553 mutation. Cells
infected at 43°C (multiplicities of 6 to 10, 21, and 20 for a-c, d, and e, respectively) were either treated or not
treated with CM at 10 or 20 min after infection (a.i,) and shifted down to 30°C 0.5 min later (times indicated
by arrows). RNA was labeled and analyzed as described in the legend to Fig. 1. Dotted lines refer to cells
shifted down at 10 min a.i., solid lines to shift-down at 20 min a.i., and (X) to cells held continuously at
43°C and not treated with CM. (O) no CM addition; (®) CM addition. The labeling period of RNA was 2
min at 43°C or 3 min at 30°C. Time coordinates are the midpoints of these labeling intervals. (a) tsP36; (b)
ts553; (c) tsP36-ts553; (d) tsP36-amH39X-amN130; (e) tsP36-amH39X-amN130-ts553.
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FiG. 8. Effect of temperature shift-down (s.d.) and
of CM on r transcription in the absence of replication:
temperature sensitivity of ts553. Experiments were
done as described in Fig. 7. Arrows indicate the time
of temperature s.d. Symbols as in Fig. 7. In addition,
the consequences of s.d. at 1 min after infection (a.i.)
without CM () are shown in (b) and (d). (a)
amE4301; (b) amE4301-ts553; (c) amE4301-am H39X-
amN130; (d) amE4301-amH39X-amN130-ts553.

conditions, DNA synthesis by ¢sP36 is strongly
inhibited at 37°C. The percentage of late tran-
scription at these late times after infection and
high multiplicities is at a high relative level, as
it also is for the pol-,, mutant. £s553 is substan-
tially temperature sensitive for late functions
only at much higher temperatures (17; that is
why the temperature shift experiments of Fig.
7 and 8 have been done at 43°C). For the pol-,,,-
ts553 double mutant, r transcription at 37°C is
almost abolished, and for the pol=-£s553 double
mutant r transcription is severely depressed rel-
ative to the single mutants.

DISCUSSION

In these experiments, we have further exam-
ined the requirements for uncoupled, or repli-
cation-independent, T4 late transcription. The
onset of replication-independent T4 late gene
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TABLE 1. Effect of DNA replication on the
temperature sensitivity of ts553"

Time of RNA
labeling
(min a.i.)

30-32 61

40-42 59

30-32 45

40-42 40

30-32 58

58

36

35

24

Pl r transcription

T4D
tsP36

ts553
40-42

30-32

40-42

30-32

40-42 14
30-32 4.0
40-42 3.6

2 E. coli B were grown and infected with phage at
37°C at a multiplicity of 24. RNA was labeled as
stated in column 2 and hybridized to r strands of T4
DNA. a.i., After infection.

amEA4301
tsP36-ts553
amE4301-¢s553

expression had previously been found to be sig-
nificantly delayed (by about 10 min at 30°C)
relative to the wild-type program of gene expres-
sion (30), yet it is known that the proteins for
replication-coupled late gene expression can be
accumulated in the absence of DNA replication
(21; Fig. 7b). It is also known that, in the absence
of DNA replication, breaks in parental DNA
accumulate after infection approximately con-
currently with the rise of late transcription. It
is therefore conceivable that the delayed onset
of uncoupled late gene expression might be de-
termined by the time required for generating
the competent DNA template (30). To test that
notion, we have looked at the way in which the
capacity for late gene expression is acquired (cf.
13, 25). Since that capacity is acquired in part
through the synthesis of virus-coded proteins,
the sensitivity of replication-uncoupled and -de-
pendent late transcription to inhibition by CM
has been compared. The result does not meet
the simple expectation that has just been stated.
Apparently, the required proteins for late T4
transcription accumulate later in the absence
than in the presence of DNA replication (Fig.
1, 3, 4, 5). The temperature shift experiments
of Fig. 6 further show that the difference is
specific to whether replication does or does not
occur.

We conclude that in some unspecified way
the protein-nucleic acid interactions of replica-
tion-dependent and -independent late gene
expression are different. We suspect that these
differences arise because the replication-coupled
and -independent processing of T4 DNA creates
structures of the template that are not identical.
Undoubtedly, a wide search among the many
cellular and viral proteins that change the struc-
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ture of T4 DNA (see references 15 and 28 for
recent reviews) would be important. We have
barely begun such a search and have not so far
found anything striking (data not shown). How-
ever, in trying to distinguish possible effects of
late proteins on replication-independent late
transcription, we have observed one very strik-
ing effect involving the functional stability of
the gp55 (Fig. 7 and 8, Table 1). gp55 is an RNA
polymerase-binding protein (11, 23), and no
other interactions for this protein are yet known.
The observations on the temperature sensitivity
of the ts553 gp55 therefore imply that RNA
polymerase interacts differently with late tran-
scription units in replicating (I) and nonreplicat-
ing (II) competent T4 DNA. The gp55 (¢s553)
is more temperature sensitive in conjunction
with late transcription units in DNA II than in
DNA I (Table 1). Thermal inactivation of gp55
(¢s553) with respect to function on DNA II not
only is irreversible (Fig. 8b and d), but appar-
ently prevents the interaction of subsequently
synthesized, potentially active gp55 with the
transcription apparatus on DNA II (Fig. 8b and
d, no CM added).

Could the relationship of gp55 to DNA I and
II alone account for the different times required
to make late transcription of DNA I and II
independent of further protein synthesis? That
possibility is not excluded by the experiments
presented here. However, there is much indirect
evidence that many replication proteins interact
with the process of transcribing late genes (30).
It is not unlikely that some of these might also
interact differently with DNA I and DNA II.
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