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The bacteriophage T4 recombination-deficient mutants x and y exhibited
decreased rates ofDNA synthesis as compared to wild-type T4. Mutant-induced
DNA synthesis was more sensitive to mitomycin C than was wild-type synthe-
sis. However, DNA synthesis in mutant- and wild-type-infected cells exhibited
the same sensitivity to UV light and X-irradiation. When high-specific-activity
label was administered at various times postinfection, mutant DNA synthesis
resembled that of wild type for 12 min, after which time mutant-induced
incorporation was greatly decreased and sensitive to mitomycin C as compared
to that of the wild type. Rifampin and chloramphenicol studies indicated that
the gene products necessary for synthesis measured at 15 min postinfection,
including those of x+ and y+, were transcribed within 2 min and translated
within 8 min postinfection. Administration of chloramphenicol to mutant x- or
mutant y-infected cells exactly 8 min postinfection, however, allowed for in-
creased synthesis at 15 min that was sensitive to mitomycin C. Cells coinfected
with T4+ and T4x or T4x and T4y retained a reduced mutant-type synthesis,
whereas cells coinfected with T4+ and T4y exhibited a synthesis more closely
resembling that of wild type.

The recombination-deficient mutants of bac-
teriophage T4 can be roughly categorized into
two classes. Those in the first class (3, 4, 29)
cannot synthesize a series of gene products that
are essential for late T4 replication and exhibit
a DNA arrest phenotype. Mutants in the sec-
ond class are viable and exhibit, in addition to
recombination deficiency, a defect in DNA re-
pair. The latter group of mutants appears to be
analogous to the rec mutants of Escherichia
coli.
The first of the nonlethal recombination mu-

tants of T4, T4x, was isolated by Harm (12).
Later, Boyle and Symonds isolated T4y (6); Van
den Ende and Symonds isolated T4 1206 (33),
and, recently, Hamlett and Berger reported the
existence of an additional, nonlethal, recombi-
nation-altered mutant, T4w (11). T4x, y, and w
were selected on the basis of their UV sensitiv-
ity. Mutant 1206 was selected by virtue of its
low segregation of haploids from heterozygotes.
Further, by examining the UV sensitivity of
double mutants, it was determined that T4x, y,
1206, w, and a DNA delay mutant in gene 58
function in the same repair pathway-the x-y

t Present address: Department of Microbiology, New
York Medical College, Valhalla, NY 10595.

pathway -which is distinct from the excision
pathway (5, 11, 12). In contrast to the latter, the
x-y pathway for repair ofUV damages requires
prior phage DNA synthesis, as demonstrated
by the functional survival experiments of May-
nard-Smith and Symonds (20).

In addition to UV sensitivity and recombina-
tion deficiency, T4x and y have been shown to
be sensitive to y rays (6) and X rays (34), and
T4x, y, and w have been shown to be sensitive to
alkylating agents (1, 11, 22, 25). DNA synthesis
and burst size in T4x-infected cells are sensitive
to mitomycin C (32). Also, the T4x gene prod-
uct, as well as the T4v gene product, appears to
function in the repair of heteroduplex DNA (2).
The T4x gene product and host polynucleotide
ligase act in conjunction during the repair of
ionizing radiation lesions (34). T4x, y, and 1206
have also been shown to be involved in an
error-prone repair pathway leading to mutation
induction (10).

All of these observations implicate the x-y
pathway as a postreplicative recombinational
repair process similar in many respects to the
rec pathway in E. coli. However, one cannot
carry this analogy too far because the replica-
tive processes of T4 and its host are fundamen-
tally different. T4 recombination appears to be
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intimately involved in the replicative process,
whereas that of E. coli is not. This is exempli-
fied by the failure to find a totally recombina-
tion-deficient viable mutant of T4 and by the
lack of complementation ofthe recA function by
the x+ gene product (22). Clearly, dispensing
with the gene products of the x-y pathway does
not appear to affect the viability of the phage,
although it does hamper the efficiency of this
pathway in dealing with damaged DNA. Ap-
parently, however, the x and y gene products
are involved in the normal developmental proc-
esses in T4, since the burst size is reduced and
the latent period is delayed (6, 11, 12, 13). Cer-
tainly, if genetic recombination can be consid-
ered to be a normal aspect of T4 development,
the recombination-deficient phenotype can re-
flect the involvement of the x and y gene prod-
ucts in the development of T4.
These considerations provided the incentive

for the following study on the DNA synthetic
capacity of T4x- or y-infected cells. The T4x
mutant used in these studies, T4px, has been
extensively backcrossed by Drake to T4B (7)
and probably represents a single mutation.
T4y, originally isolated by Boyle and Symonds
(6), has been shown to contain a suppressor
that alters the plaque morphology (11).

(This work was submitted by R.J.M. in par-
tial fulfillment of the requirements for the
Ph.D. degree from The City University of New
York, New York City, 1977.)

MATERIALS AND METHODS
Bacteria and bacteriophage. E. coli B and T4+

(T4D) were originally supplied by A. Doermann. T4v,
derived from T4D, was obtained from W. Harm; T4y,
derived from T4D, was obtained from J. Boyle; and
T4px, originally isolated as T4x from T4D by W.
Harm and extensively backcrossed to T4B by J.
Drake, was obtained from J. Drake.

Chemicals. [methyl-3Hlthymidine (63.8 Ci/mmol)
and deoxyadenosine 5'-[8-3H]triphosphate (102 Ci/
mmol) were purchased from ICN. Mitomycin C, ri-
fampin, and chloramphenicol were purchased from
Calbiochem, La Jolla, Calif., and solutions of the
antibiotics were freshly prepared before each experi-
ment. Concentrations of mitomycin C were deter-
mined by using an EA nm of 700. Mitomycin C ex-
periments were performed under dim light.

Media. The bottom- and top-layer agar, H broth,
and gel buffer used were described previously (17).
The phages were diluted in a broth containing 5 g of
tryptone (Difco Laboratories, Detroit, Mich.), 5 g of
NaCl, and 2.5 g ofK2HPO4 per liter of water. Citrate
broth was prepared from H broth by substituting
sodium citrate for sodium chloride. Supplemented
M-9 medium contained 100 ml of 10x M-9 salts, 40
ml of 20% (wt/vol) glucose, 10 ml of 0.1 M MgSo3, 10
ml of 0.01 M CaCl2, 50 ml of 20% (wt/vol) Difco
Casamino Acids (Difco), and 790 ml of sterile water.
10x M-9 salts contained 60 g of Na2HPO4, 30 g of

KH2PO4, 5 g of NaCl, and 10 g of NH4Cl per liter of
water.

Preparation of bacteria and bacteriophage. Over-
night cultures ofE. coli B were prepared by incuba-
tion at 37°C with aeration in H broth. Daily cultures
were prepared by a 100-fold dilution of the overnight
stationary-phase cultures into supplemented M9
medium. The bacteria were then incubated at 37°C
with aeration until they reached a concentration of 2
x 108/ml.
Bacteriophage stocks were prepared by eluting

confluent plates and subjecting the lysates to differ-
ential centrifugation. The phage stocks were stored
in gel buffer. For some experiments, T4px was fur-
ther purified by sucrose gradient sedimentation.

Irradiation. For UV irradiation, a 30-,ul phage
suspension in gel buffer (0.5 x 10"' to 1 x 1011/ml)
was irradiated by a General Electric 15-W germici-
dal lamp (G 1578) (General Electric Co., Schenec-
tady, N.Y.), powered through a Sola constant-volt-
age regulator, and filtered through a quartz-glacial
acetic acid filter (34). The dose rate determined, as
described previously (34), was 0.35 J/m2.

For X-irradiation, a 200-IlI phage suspension in
5 x citrate broth (1 x 1010 to 5 x 1010/ml) was irradi-
ated by a Picker X-ray source with a beryllium win-
dow. A setting of 60 kVp and 20 mA delivered a dose
rate of ca. 90 krads/min. This was originally deter-
mined (34) by ferrous sulfate dosimetry.

Incorporation of labeled DNA precursors. Log-
phase E. coli (0.2 ml) at a concentration of4 x 108/ml
were added to 4 ,ul of a solution containing 1011
phage per ml. All reaction mixes were brought to
final 0.3-ml volumes with M9 medium. Labeling was
carried out at final thymidine concentrations of 0.12
or 25 gg/ml. At low thymidine concentrations,
phages were adsorbed at 37°C and transferred to
20°C 1 min before labeling (33 ,uCi of 3H/0.12 ,ug of
thymidine per ml or 33 ,uCi of 3H/0.16 gg of thymi-
dine per ml). In one case, the entire experiment was
carried out at 20°C. For long-term labeling,
[3H]thymidine was added to a final concentration of
33 ,uCi of 3H/25 ,g of thymidine per ml or 33 ,uCi of
3H/15.8 ,g of thymidine per ml. After a 4-min ad-
sorption period, incubation was continued at 37°C.

In each of the above experiments, 20-,ul samples
were collected on Whatman GFA filters. They were
immediately precipitated, batchwise, in 10% trichlo-
roacetic acid and washed, batchwise, with 5% tri-
chloroacetic acid and then with 95% ethanol. After
drying, samples were counted in toluene-based scin-
tillation fluid.

In experiments involving rifampin, chloramphen-
icol, or mitomycin C, the drugs were added at the
times and concentrations indicated in the text. The
concentrations of rifampin and chloramphenicol
were maximally inhibitory under the conditions in
which they were used. [3H]dATP incorporation in
toluenized cells was achieved by using the procedure
of Miller et al. (21).

RESULTS
DNA synthesis measured under conditions

of linear incorporation. DNA synthesis in T4+-,
x-, and y-infected cells was measured by the
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incorporation of tritiated thymidine into the
acid-insoluble fraction. The linear rate of label
incorporation was reduced in T4x- and y-in-
fected cells to about 70% of that of wild type
(Fig. 1A). Similar results were obtained for T4x
with [3H]thymine (Fig. 1B). We have consis-
tently observed a 20 to 30% reduction in the
DNA synthetic rate in the mutant-infected
cells when compared to that in wild-type-in-
fected cells.

It is not clear why Shimizu and Sekiguchi
(32) did not observe a difference in DNA syn-
thetic rates between T4+ and T4x. There are,
however, several differences between their ex-
periments and ours, such as their use of a polA
mutant under conditions where incorporation
in uninfected cells was as great as in infected
ones. Also, T4x rather than T4px was used in
their measurements of label incorporation into
DNA.
When incorporation of labeled triphosphate

precursor was measured in T4-infected cells to-
luenized 15 min postinfection, little synthesis
was observed with T4x (Fig. 1C) as compared to
wild-type-infected cells. In a later section, we
will show that this is a critical period in the
mutant-infected cells, which may explain the
dramatic difference observed here.
Because of the role of the x-y pathway in

DNA repair, the DNA synthetic capacity of T4-
infected cells was examined after the phage
were UV- or X-irradiated. Both UV- and X-
irradiation produced a lag and a reduced final
rate of DNA synthesis in both wild-type- and
mutant (including T4v)-infected cells (data not
shown). When the final slopes of DNA synthe-
sis curves obtained by measuring incorporation
of [3H]thymidine were compared at different
doses, the results shown in Fig. 2A and B were
obtained. The DNA synthetic capacity of T4v
was UV-inactivated at a slightly greater rate

A B 24-

20~~~~~~~~~20-
0- / 20-

N ~~~~~~~~~24

than that of the wild type or T4x, whereas that
of T4y was inactivated at a decreased rate. The
DNA synthetic capacities of T4x and T4y ap-
peared to be slightly less sensitive to inactiva-
tion by X-irradiation than was that of the wild
type. Shimizu and Sekiguchi (32) observed that
DNA synthesis in T4x-infected cells was sensi-
tive to UV light. However, they were compar-
ing DNA synthesis after irradiation to zero-
dose T4x controls that showed no synthetic dif-
ference from wild-type cells. In contrast, in the
present studies, the zero-dose controls already
exhibited a 30% decreased synthetic rate com-
pared to that of wild-type-infected cells. Thus,
the discrepancy appears to lie in the measure-
ment of DNA synthesis, not in relative UV
sensitivity.

It might be expected that the kinetics of label
incorporation into DNA after irradiation is
complex. Without irradiation, replicative syn-
thesis would include a recombinational compo-
nent. After irradiation, excision repair synthe-
sis should precede replicative synthesis, and
the recombinational repair component of the
latter might be expanded. The total measure-
ment would include all three. Since v-induced
excision repair appears to occur before replica-
tive synthesis (26), one might expect the in-
creased UV sensitivity of T4v DNA synthesis,
as has been observed here and elsewhere (8).
On the other hand, if excision repair is ex-
panded in the absence of x-y recombinational
repair, one might expect a decreased radiosen-
sitivity of DNA synthesis for the x and y mu-
tants, as was shown above.

Figure 2C shows the effect ofmitomycin C on
the DNA synthetic capacity of T4+, T4x, and
T4y. In contrast to the above experiments
where the free phages were irradiated, phage-
bacterium complexes were exposed to mitomy-
cin C throughout infection. Although this drug

MINUTES Of SYNTHESIS

FIG. 1. DNA synthesis in cells infected with T4+ (0), T4x (O), and T4y (A) measured at 37°C. (A)
PHithymidine incorporation, 25 pg/15 ,uCi per ml. (B) PHithymine incorporation, 25 pg/15 Mi per ml. (C)
PH]dATP incorporation in toluenized cells.
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DNA SYNTHESIS BY T4x AND y MUTANTSloo1009-burst size to be sensitive to mitomycin C. It isA interesting that the original studies of Sekigu-
7_ A dchi (27), which compared the sensitivity of

DNA synthesis to mitomycin C in uninfected
and T4-infected cells, showed that, although
DNA synthesis in T4-infected cells was more

z \ \ resistant to mitomycin C than was host DNA
3-> \ \0 synthesis, the resulting phages were not viable.

DNA synthesis measured by high-specific-ab > X activity pulses. To more clearly pinpoint the
alteration in DNA synthesis in x- and y-in-
fected cells, high-specific-activity thymidine

______ __ __ _ _ was administered at various times postinfec-
2b 4030 .o tion, and the acid-insoluble fraction was mea-

U V FLUENCE (jM-2) sured. Cells were infected at 37C, placed at
200C 1 min before adding [3Hlthymidine, and

100: then sampled every 15 s (Fig. 4). Label incorpo-
\ ration proceeded at the same rate in T4+-, x-,

* \ andy-infected cells until 12 min postinfection,s-< at which time incorporation in the mutant-in-
fected cells decreased dramatically. This phe-

,,,^ \\ nomenon was more closely examined in cells
3- infected and maintained at 2mC. For example,
\s\label incorporation at 200C in wild-type-in-

a 2- fected cells continued to increase until 60 min
be \\postinfection, whereas in T4x- and T4y-infected

cells, incorporation increased until 45 min and
then decreased at 60 min (Fig. 5). Tritiated

110 ; io s20 |0 thymidine (65 Ci/mmol, 0.12 ,ug/ml, 37°C was
X- DOTSoE (kioradf) incorporated in T4+-, T4x-, and T4y-infected

cells that were either amber suppressor positive
C * v (E. coli CR63) or amber suppressor negative

(E. coli B; Fig. 6). Clearly, the ambery pheno-
6- \\type was suppressed in E. coli CR63, whereas
6-i \\ o , T4+ and T4x were unaffected.

100-

a
3e

Z~~~~~~~~~~~~~~~~~~~

2-~~~~~~~~~~~~~

< ~~2 60X

10,~~~~~~~~~~~~
MITOMYCIN C (AMuI)

FIG. 2. Inactivation ofthymidine incorporation in
cells infected with T4+ (0), T4x (0), TOy (A), and I
T4v (V) at 37TC as calculated from the final slopes of
DNA synthesis curves. (A) UV inactivation of free 10'
phage. (B) X-ray inactivation offree phage. (C) Mi-
tomycin C inactivation of phage-bacterium com-
plexes. be

affected wild-type DNA synthesis at higher 5s .0 ISO
doses, it was a more potent inhibitor ofT4x and MITOMYCIN C (MO/ml)
y DNA synthesis. T4x and y were also more FIG. 3. Mitomycin C inactivation of phage-in-
sensitive to mitomycin C when viability was fected cells after a 10-min exposure at 37TC of com-
measured (Fig. 3). Shimizu and Sekiguchi (32) plexes to the drug before plating at 379C. Symbols:
have shown T4x DNA synthesis and average T4+ (0), Tx (0), and TNy (A).
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32 MELAMEDE AND WALLACE

dine was diluted by cold thymidine, in a man-
ner that more closely resembles conditions used
for linear synthesis, the difference between
wild-type and x incorporation was less pro-
nounced (Fig. 7B). Dilution of labeled thymi-
dine with cold deoxyadenosine showed the
same effect. Also, dilution of labeled deoxy-
adenosine with cold thymidine reduced the in-
corporation of label in both wild-type- and mu-
tant-infected cells (manuscript in preparation).
Clearly, nucleotide pools during T4 replication
are dynamic and complicated. Yegian et al. (39)
have suggested that the DNA delay mutants
that manifest all the normal DNA intermedi-
ates have alterations in their intracellular nu-
cleotide pools. It appears, however, that the

A
5-

60
4-

3 0z
2 ~~~~~~~~~30
2-

MINUTES AFTER INFECTION

FIG. 4. DNA synthesis at 209C as measured by
incorporation of high-specific-activity thymidine (65
Ci/mmol) in the absence ofadditional cold thymidine
(final concentration, 0.12 pg/ml). Cells were infected
with T4+ (0), TNx (L), and T4y (A) at 370C and
transferred to 200C 1 min before labeling.

The large difference in incorporation of high-
specific-activity label between wild-type- and
mutant-infected cells 15 min postinfection at
370C does not appear to reflect a difference in
the amount of intracellular label but does so in
the amount of incorporated label (Fig. 7A). In
these experiments, total cellular counts were

measured by filtering the complexes through
membranes (Millipore Corp., Bedford, Mass.),
and acid-insoluble counts were determined as
in Materials and Methods in the usual manner.

The difference between these two numbers
should reflect the amount of soluble label. The
latter amounts were approximately the same
for T4+-, x-, and y-infected cells.
Apparently wild-type-infected cells incorpo-

rated labeled thymidine very efficiently as com-

pared to x-infected cells at the high specific
activity (low thymidine concentrations) used in
these experiments. When the labeled thymi-

B
5-

4-

0

a

5-

4l-

3-

I

1-

45

°~~~~6

45

30

60

15 30 45 60 75 90
SECONDS AFTER

ADMINISTRATION OF LABEL

FIG. 5. DNA synthesis at 200C as measured by the
incorporation of high-specific-activity thymidine (65
Ci/mmol) in the absence ofadditional cold thymidine
(final concentration, 0.12 pg/ml). Cells were infected
and labeled at 200C at the times (in minutes) indi-
cated. (A) T4+, (B) T4x, and (C) TOy.
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SECONDS AFTER ADMINISTRATION OF LABEL

FIG. 6. Effect of amber suppressor E. coli CR63
on thymidine incorporation. E. coli B or CR63 was
infected with T4+, T4x, or T4y at 37°C. At 14 min
postinfection, cells were transferred to 20°C for 1 min
before labeling. Cells were labeled by using final
concentrations of 0.12 pg of PHithymidine per ml
(63 Ci/mmol). Open symbols: E. coli B; closed sym-
bols: E. coli CR63. T4 + (0,O ); T4x (0, *), and T4y
(A, A).

difference in rate of incorporation of high-spe-
cific-activity label between wild-type- and x- or

y- infected cells reflects some difference in repli-
cation, since total label incorporation levels off
at the same time in both cases; also, both are
capable of taking up additional label, indicat-
ing similarity in thymidine processing in the
pools (Fig. 7C and D). If there were a slower
rate of uptake into the precursor pools with x,
one might expect continued incorporation, al-
beit at a slower rate.

Effect of rifampin and chloramphenicol on
the manifestation of the T4x and y gene prod-
ucts. In an attempt to delineate the transcrip-
tion time of the x andy gene products, rifampin
was administered at various times postinfec-
tion at 37°C, and subsequent incorporation of
high-specific-activity thymidine was measured
at 15-s intervals after administration at 15 min
postinfection. Label incorporation by wild-type-
infected cells was the same when no rifampin
was added and when rifampin was added 4 min
postinfection (Fig. 8). Since thex andy proteins
are necessary for normal DNA synthesis later

in infection, the T4x and y genes must be tran-
scribed before 4 min postinfection. In fact, a
comparison ofDNA synthesis between mutant-
and wild-type-infected cells indicates that the x
and y transcripts were made even before 2 min.
Interestingly, mutant-induced incorporation
after rifampin addition did not resume its nor-
mal, low level of incorporation until 8 min post-
infection. Thus, it is possible that genes essen-
tial for mutant DNA synthesis are not tran-
scribed until later in infection, between 6 and
10 min.
To elucidate translational events, similar ex-

periments were performed with chlorampheni-
col added at 4, 8, or 12 min postinfection, and
label incorporation was measured after addi-
tion at 15 min postinfection. Chloramphenicol
added at 4 min postinfection completely in-
hibited incorporation at 15 min in wild-type-
infected cells, whereas chloramphenicol added
at 8 or 12 min had little or no effect on it (Fig.
9A). Since this 15-min incorporation was a mea-
sure of the functioning of the x and y gene
products (among others), these data indicate
that the x and y transcripts were translated
before 8 min. Likewise, adding chlorampheni-
col at 4 min postinfection completely inhibited
x- or y-induced incorporation at 15 min. How-
ever, adding chloramphenicol at 8 min postin-
fection with T4x or y gave an incorporation
level similar to that of the wild type, whereas
incorporation by the mutant-infected cells in
the absence of chloramphenicol was greatly re-
duced when compared to that of the wild type
(Fig. 9B and C). This "rescue" was negligible or
only slight when chloramphenicol was added 12
min postinfection. It appears that prevention of
protein synthesis in T4x- or y-infected cells at a
critical time -8 min postinfection- allowed for
subsequent DNA synthesis that more closely
equals that of the wild type, at least in quan-
tity.

Effect of mitomycin C on incorporation of
high-specific-activity thymidine. The effect of
mitomycin C on incorporation of high-specific-
activity thymidine was measured at 8 and 15
min postinfection. DNA synthesis at 8 min
postinfection in wild-type- and mutant-infected
cells was reduced to a similar small degree by
mitomycin C (Fig. 10). In contrast, mutant-
induced DNA synthesis at 15 min postinfection
was more sensitive to mitomycin C than was
that of the wild type. When chloramphenicol
was added at 8 min postinfection and label
incorporation was measured at 15 min, the in-
creased "rescued" DNA synthesis observed in
mutant-infected cells retained its 15-min sen-
sitivity to mitomycin C (Fig. 11). Thus, even
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FIG. 7. Parameters affecting apparent DNA synthetic rates. (A) Permeability of cells infected with T4',
T4x, and T4y to labeled thymidine as determined by measuring free intracellular label. Cells were infected for
14 min at 370C. One minute after transfer to 200C, they were labeled with 33 uCi ofthymidine per ml (65 Cii
mmol). The final thymidine concentration was 0.12 pg/ml. Total intracellular label was determined by
placing 20-pA portions onto Millipore filters and washing with 2 ml ofM9 medium. Symbols: T4+ (*), T4x
(U), and TNy (A). From the same tubes at staggered 30-s intervals, incorporated counts were determined by
collecting 20-,l samples onto GFA filters and precipitating with trichloroacetic acid. Symbols: T4 + (0), TNx
(0), and TNy (A). Free intracellular label was determined by subtracting total intracellular label from
incorporated label. Symbols: T4+ (C), TNx (E), and TNy (A). (B) The effects ofvarious thymidine concentra-
tions on the incorporation of labeled thymidine into trichloroacetic acid-precipitable material were examined
by labeling with 33 juCi ofthymidine per ml in the presence ofeither a 0.158- or 15.8-pg/ml final concentration
ofthymidine. Counts for the latter were corrected for the difference in specific activity. Symbols: T4+ (0), T4x
(0), and TNy (A), 0.158 pg ofthymidine per ml; T4+ (), T4x (U), and T4y (A), 15.8 Mg ofthymidine per ml.
(C) Cells were grown and infected as in (A), except that the label was followed for 15 min after its ad-
ministration. Symbols: T4+ (0), T4x (0), and T4y (A). (D) Cells were grown and infected as in (A), except
that an additional 33 pCi oflabel per ml was added 10 min after the addition oflabel at 15 min postinfection.
Symbols: T4+ (0), TNx (0), and T4y (A).

though the rate ofDNA synthesis by the x and
y mutants in the presence of chloramphenicol
was similar to that of the wild type, it retained
the mutant quality of mitomycin C sensitivity.
Complementation. In the following experi-

ments, an attempt was made to measure gene
complementation with respect to DNA synthe-
sis. High-specific-activity thymidine was ad-
ministered 15 min postinfection at 37C, and
incorporation into the acid-insoluble fraction
was measured in cells infected with one or more

genotypes. Coinfection with T4+ and T4y gave a
wild-type phenotype, but coinfection with T4+
and T4x gave an intermediate phenotype (Fig.
12A). Coinfection with T4x and y showed little
or no complementation. The x mutant used in
these studies, T4px, has a point mutation (7)
and could produce a protein that has partial
function. For example, the mutant protein
might still bind to the replicating complex and
thus act as an inhibitor. This is supported by
the observed inhibition of wild-type synthesis

J. VIROL.
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in the presence of the x mutant and by the lack
of significant complementation in T4x- and y-
coinfected cells. Boyle and Symonds (6) were
also not able to demonstrate significant comple-
mentation of x by x+ in survival of phenotype
experiments. Inhibition of DNA synthesis
would not be as likely with T4y, since it is an
amber mutant. It is possible that the x gene
product is required stoichiometrically, and,
therefore, the apparent inhibitory effect of the
x mutant on wild-type DNA synthesis might be
due to an insufficient amount of the x gene
product.

Earlier experiments (Fig. 8) indicated that
the x gene product was transcribed before 4
min. Thus, the addition of rifampin at 4 min to
coinfected cells should distinguish between in-
hibitory products transcribed before and after
this time (Fig. 12B). Cells coinfected with wild-

1!0

0

'p

type and x mutant phages exhibited an inhibi-
tion of DNA synthesis greater than that which
was observed when coinfecting in the absence
of rifampin. Coinfection of the wild type and y
in the presence of rifampin exhibited a slight
reduction in the wild-type level of synthesis.
Also, coinfection with both x and y mutant
phages did not give complementation. These
experiments support the notion that the defec-
tive x gene product is transcribed before 4 min
and is responsible for the inhibition observed.

It was unlikely that the increased mutant
DNA synthesis observed in cells treated with
chloramphenicol 8 min postinfection (Fig. 9)
was caused by 'defective x protein," since it also
occurred with amber T4y. However, coinfection
experiments were performed under these condi-
tions as well. When chloramphenicol was added
8 min postinfection and synthesis was mea-

/4
MINUTES AFTER ADMINISTRATION OF LABEL

NO RIF RIF RIF RIF RIF
RIF 2 456 10

FIG. 8. Effect of rifampin on DNA synthesis measured by high-specific-activity (65 Ci/mmol) incorpora-
tion of33 ACi ofthymidine per ml (final concentration, 0.12 pg/ml) at 20°C. The complexes were incubated at
37"C until 14 min postinfection, at which time they were switched to 20TC. Label was added at 15 min
postinfection, and samples were taken at 15-s intervals thereafter. Rifampin (200 pg/ml, final concentration)
was added at the indicated times after infection. Symbols: T4+ (0), T4x (0), and T4y (A).
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of a class of partially recombination-deficient
mutants may thus be the necessary tool to sim-
plify the replicative process by minimizing the
recombination-directed alteration of DNA. At
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FIG. 9. Effect ofchloramphenicol on DNA synthe-
sis as measured by incorporation of 33 puCi of high-
specific-activity (65 Ci/mmol) thymidine per ml at a
final concentration of 0.12 pg/ml at 200C. The label
was given 1 min after 14 min ofpostinfection incuba-
tion at 370C. Chloramphenicol (200 pg/ml, final con-
centration) was added at the indicated times after
infection. (A) T4+; (B) T4x; and (C) T4y. Symbols:
No chloramphenicol (0); chloramphenicol, 4 min
(0); chloramphenicol, 8 min (A); and chloram-
phenicol, 12 min (V).

sured at 15 min, coinfection of wild type with x
gave an x phenotype, whereas coinfection with
y gave a wild-type phenotype (Fig. 12C). Again,
little or no complementation was observed with
T4x plus T4y.

DISCUSSION
T4 has proven to be an extremely useful ge-

netic tool, partly because of its high frequency
of genetic recombination. Yet this same prop-
erty also helps create a barrier to elucidating
the T4 DNA synthetic events because of its inti-
mate link with DNA synthesis. The existence
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FIG. 10. Effect of mitomycin C on DNA synthesis
measured at 8 and 15 min after infection with T4+,
T4x, and T4y. Infected cells were incubated at 370C
until 1 min before labeling, at which time they were
switched to 20TC. Cells were labeled with 33 XCi
(final concentration) of tritiated thymidine per ml
(64 Ci/mmol). Mitomycin C was added to a final
concentration of3O pg/ml. (A) T4+; (B) T4x; and (C)
T4y. Infected cells labeled at 8 min: minus mitomy-
cin C (A); plus mitomycin C (V). Infected cells la-
beled at 15 min: minus mitomycin C (0); plus mito-
mycin C (E).
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FIG. 11. Effect of mitomycin C on chlorampheni-
col-rescued DNA synthesis. T4t-, T4x-, and T4y-
infected cells were incubated at370C and treated with
chloramphenicol (200 pg/ml, final concentration) at
8 min postinfection. One minute before labeling, cells
were shifted to 209C and PHithymidine (65 Cil
mmol) was added to 33 IACilml. Final mitomycin C
concentration was 30 pg/ml. Symbols: T4 + (0); T4 +
plus mitomycin C (*); Tx (0); TNx plus mitomycin
C (U); TNy (A); and TNy plus mitomycin C (A).

the same time, by comparison to recombina-
tion-proficient phages, insights into the nature
of recombination may be acquired.
The reduced rate of DNA synthesis found in

T4x and T4y with high thymidine concentra-
tions is in and of itself interesting, yet it cannot
provide the sensitivity needed for more thor-
ough investigations. The unexpected large dif-
ference in DNA synthesis that was observed
between T4+ and the x and y mutants when
labeling in low thymidine concentrations
greatly increased the resolution and usefulness
of simple labeling as an investigative probe.
The impaired ability of the mutant-infected
cells to incorporate thymidine did not appear
before 12 min postinfection (Fig. 4). There ap-
pear to be two general explanations for this
observation. The x and y mutant gene products
may themselves inhibit the incorporation of
DNA precursors. This possibility is indicated
by the coinfection experiments in which the x
genotype is found to inhibit wild-type DNA
synthesis. Alternatively, the mutant DNA-de-
fective phenotype may be a result of the miss-
ing gene products. For example, unless the x
and y gene products function, the initiation of
the events leading to x-y gene product-directed
recombination may disrupt the replicating com-
plex in such a manner as to reduce thymidine
incorporation. In fact, the measurement of
DNA synthesis under conditions of low thymi-
dine concentration may be specific for examin-
ing recombination-directed DNA synthesis.
Support for the latter alternative may be found

in a recent paper by Wovcha et al. (35). They
have found that there are apparently two inde-
pendent pathways by which DNA precursors
may become incorporated into DNA in T4-in-
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FIG. 12. DNA synthesis in cells coinfected with
mutant and wild-type phage. (A) Infected cells were
grown for 14 min at 370C and then transferred to
200C for 1 min before adding 33 pCi ofhigh-specific-
activity (65 Ci/mol) thymidine per ml at a final con-
centration of0.12 pg/ml. (B) Cells were infected and
labeled as in (A) except that a 200-pg/ml final con-
centration of rifampin was added 4 min postinfec-
tion. (C) Cells were infected and labeled as in (A) ex-
cept that a 200-pg/ml final concentration ofchloram-
phenicol was added 8 min postinfection. The total
input multiplicity of infection ofphage was 10. Sym-
bols: T4+ (0), T4x (0), T4y (A), T4+plus T4x (-),
T4+plus T4y (A), and T4x plus T4y (V).
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fected cells. One pathway utilizes ribonucleo-
tides, thymidine, and hydroxymethyl-deoxycy-
tosine monophosphate. The second pathway re-
quires the four deoxyribonucleoside triphos-
phates or monophosphates in addition to ATP.
In the latter pathway, thymidine does not sub-
stitute for thymidine triphosphate. Both path-
ways require the standard T4-induced genes
required for DNA synthesis such as T4 DNA
polymerase. Work to determine the pathway(s)
utilized by the x and y gene products is pres-
ently underway.
An alternative explanation that could ac-

count for the increased relative difference in
thymidine incorporation by mutant- versus
wild-type-infected cells, when measured under
conditions oflow-thymidine concentration, con-
siders possible different specific activities of the
DNA precursor pools. A recent paper by Flane-
gan and Greenberg (9) has shown that thymi-
dine-containing DNA precursors in T4-infected
cells do not appear to be controlled by feedback
inhibition. They found that in T4 DNA mutant-
infected cells that are unable to synthesize
DNA, there is such an expansion of precursor
pools that thymine and thymidine are excreted
into the medium. Thus, if the relative rates of
DNA synthesis measured in the presence of
high concentrations of thymidine are, in fact,
an accurate reflection of intracellular events, it
might be expected than the 30% reduction syn-
thesis found in x and y mutant-infected cells
would lead to an accumulation of thymidine.
This accumulation might, in fact, be large, rel-
ative to the exogenous thymidine that is added
when synthesis is measured under pulse condi-
tions. Therefore, a magnification of difference
in the relative rates ofDNA synthesis between
x or y mutant- and wild-type-infected cells
could be expected.
By adding rifampin at various times between

2 and 14 min postinfection and then measuring
thymidine incorporation at 15 min, it is possible
to further delineate some ofthex- andy-related
events that occur during T4 infection. There is
a difference between mutant- and wild-type-
induced DNA synthesis when rifampin is added
as early as 2 min postinfection (Fig. 8). Thus, if
the mutant-directed, DNA synthesis-deficient
phenotype is a result of the absence ofthex ory
gene products, then the gene product(s) that
acts on the altered substrate in their absence
must also be transcribed within 2 min. Although
there is a difference between wild-type and mu-
tant-directed DNA synthesis measured at 15
min postinfection when rifampin has been
added at 2 min, the levels of synthesis are well
below those normally seen at 15 min. Therefore,
the replication that occurs under these condi-

tions is probably different from that which
would occur under the normal sequences of
transcriptional events. Similar reasoning may
hold true when rifampin is added at 4, 6, 8, or
10 min postinfection, even though the rate of
synthesis measured at 15 min appears more
quantitatively normal.

Chloramphenicol may also be used to hold
genetic expression at different times during the
infection process. Adding chloramphenicol at 8
min postinfection did not impair the rate of
DNA synthesis when measured 15 min postin-
fection in wild-type-infected cells. Adding
chloramphenicol to mutant-infected cells at 8
min produced an apparent rescue of the mu-
tant-directed DNA synthesis measured at 15
min postinfection. If the reduced levels of thy-
midine incorporation in non-chloramphenicol-
treated, mutant-infected cells is a direct result
of the mutant x or y gene products as dis-
cussed earlier, then chloramphenicol rescue
may result from its preventing the mutantx or
y gene products from exerting their effect. Al-
ternatively, if the reduced level of synthesis
found in mutant-infected cells at 15 min postin-
fection is due to the absence of wild-type x or y
gene products, then chloramphenicol rescue
might result from the prevention ofthe synthe-
sis of proteins that alter the mutant-replicating
DNA so that later levels of DNA synthesis are
reduced. When considering the data from Fig.
11, which deals with the examination of mito-
mycin C sensitivity of DNA synthesis in cells
treated with chloramphenicol at 8 min postin-
fection, the latter alternative seems more
likely. The mitomycin C sensitivity of DNA
synthesis is independent of the reduction in
DNA synthesis found in T4x- or y-infected
cells. To reiterate, chloramphenicol adminis-
tered 8 min postinfection impedes development
after the expression ofthex andy gene products
but before the expression of the protein(s) that
is (are) responsible for reducing the mutant-
directed levels of thymidine incorporation.
Thus, mutant-infected cells, trapped at this
stage of development, exhibited sensitivity of
DNA synthesis to mitomycin C, whereas wild-
type-infected cells, with functionalx andy gene
products, retained their relative resistance.
This phenomenon is analogous to what is found
in the recombination-deficient, DNA arrest
mutants of T4 after chloramphenicol rescue of
arrested synthesis. The DNA arrest phenotype
of genes 46, 47, and 59 is reversed by adding
chloramphenicol between 6 and 13 min postin-
fection or by the simultaneous presence of an
additional mutation in genes 33, 55, das, or dar
(14, 15, 16, 24, 28, 29, 30, 31, 36, 38). However,
under some rescue conditions, there is no re-
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versal of other phenotypes characteristic of the
DNA arrest mutants. For example, there is no
restoration of fast-sedimenting 200S DNA rep-
lication complexes (29, 30) or reversal of UV
sensitivity and recombination deficiency (28,
37).
The nonlethal (x andy) and the lethal (DNA

arrest) recombination-deficient mutants have
altered rates of DNA synthesis at about the
same time postinfection. This similarity sug-
gests that the 46, 47, and 59 gene products may
function in the same pathway as the x and y
gene products. We are presently constructing
double mutants between these two classes to
examine this possibility. The effects of addi-
tional extragenic suppressor mutants on the x
and y phenotypes will also be examined.
Although little is known about the mecha-

nisms involved in T4 recombination, it does
seem to occur subsequent to 12 min postinfec-
tion. The DNA arrest mutants stop synthesiz-
ing DNA at about this time, whereas the DNA
delay mutants show increased rates of synthe-
sis (19, 23, 39). Interestingly, the DNA arrest
mutants exhibit decreased recombination,
whereas the DNA delay mutants exhibit in-
creased recombination (4, 18). It appears that
the increased rates of synthesis found early in
wild-type T4 infection (up to 12 min) reflect an
increase in the number of replicating forks (19).
In contrast, DNA replication measured late in
infection probably represents DNA synthesis
generated by recombination. The results of the
thymidine incorporation studies presented in
this paper suggest that the latter type of syn-
thesis is greatly reduced in the x or y mutants
and may be specifically measured by labeling
with thymidine under conditions of low final
thymidine concentration. Unlike the DNA ar-
rest gene products, the x and y gene products
had relatively little effect on the overall rate of
DNA synthesis.
Many of the conditions that have been used

in these studies to examine thymidine incorpo-
ration have also been used to examine sedi-
mentation patterns in T4+-, x-, and y-infected
cells. The results of these experiments (manu-
script in preparation) agree with those pre-
sented in this paper.
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