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Hydroxyurea inhibited the replication of bacteriophage T4 in Escherichia coli B.
The concentration of hydroxyurea required to inhibit net deoxyribonucleic acid
(DNA) synthesis 50%0 was about 50-fold less than that required in uninfected cells.
Even in the presence of high hydroxyurea concentrations, phage DNA was readily
synthesized from the products of breakdown of the E. coli DNA, and viable phage
were made. Deoxyribonucleotide, but not ribonucleotide, synthesis was strongly
inhibited in the presence of hydroxyurea. The data indicate that hydroxyurea
specifically inhibits de novo DNA synthesis in E. coli infected with bacteriophage
T4 by inhibiting the ribonucleoside diphosphate reductase system, but does not
affect DNA synthesis at subsequent steps.

Numerous studies have shown that hydroxy-
urea inhibits deoxyribonucleic acid (DNA) syn-
thesis, not only in mammals and other multicellu-
lar organisms (9, 14, 24), but also in Escherichia
coli and other microorganisms (5, 11, 13). One
major difference is that a much higher concentra-
tion of hydroxyurea is required to inhibit DNA
synthesis in E. coli than is required for compar-
able inhibition in mammalian cells. It is not clear
whether this is due to different permeabilities or
different mechanisms of action in the two kinds
of cells.
Hydroxyurea has been found to be bacterio-

static in E. coli for up to 3 hr of exposure, but
bactericidal during longer exposure (11). Protein
and ribonucleic acid (RNA) synthesis are not
inhibited directly by hydroxyurea, and the pro-
teins and RNA made appear to be normal (11).
Thus, it appears that hydroxyurea rather specifi-
cally inhibits DNA synthesis, but there is disa-
greement as to the exact site of action of the
compound. There is considerable support for the
idea that the primary site of action in vivo is
inhibition of the reduction of ribonucleotides to
deoxyribonucleotides (25), but a number of other
effects have also been reported. In bacteria, these
include alteration of DNA (12), assembly of
T-even coliphages (8), and inhibition of deoxy-
cytidine 5'-diphosphate (dCDP) kinase (H. S.
Rosenkranz et al., unpublished data). Elford (3)
and Y. C. Yeh (personal communication) have
shown that the E. coli and bacteriophage T4-
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induced ribonucleoside diphosphate reductase
systems are inhibited by hydroxyurea in vitro.
The E. coli DNA is degraded after infection

with T-even bacteriophages, and Kozloff (7)
summarized early evidence indicating that the
degradation products can be efficiently incor-
porated into phage DNA. If the primary effect of
hydroxyurea in infected E. coli is inhibition of the
ribonucleoside diphosphate reductase systems,
then phage DNA should still be synthesized from
the E. coli DNA breakdown products in hydroxy-
urea-treated E. coli if hydroxyurea has no other
direct effect upon DNA synthesis. We have
studied the effect of hydroxyurea in E. coli B
infected with bacteriophage T4, and found that
the reduction of ribonucleoside diphosphates to
deoxyribonucleoside diphosphates was inhibited
more than 90%, and that infectious phage were
formed efficiently from the products resulting
from breakdown of E. coli DNA. These results
suggest that the primary effect of hydroxyurea in
these cells is inhibition of the ribonucleoside
diphosphate reductase system and that DNA
synthesis is not affected at subsequent steps.

METHODS AND MATERIALS
The amber (am) phage mutants used in this work

were generously supplied by R. S. Edgar. These
mutants grow in E. coli CR63, but not in E. coli B (4).
The growth of cells and preparation of phage in
Casamino Acids-glycerol medium has been described
earlier (17). E. coli B was used in all the experiments,
except for titering amber mutants (which were
plated on E. coli CR63); all cultures were grown at
37 i 1 C with forced aeration. Growth was followed
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by measuring the turbidity in a Beckman DB spectro-
photometer at 650 nm. Cultures were used when they
reached 4 X 108 to 5 X 108 cells/ml, and were infected
at a multiplicity of four or five phage per cell unless
indicated otherwise. When titering for phage, the
first dilution tube always contained several drops of
chloroform to lyse infected cells.

Uracil-2-'4C was purchased from Tracerlab, Rich-
mond, Calif., and thymidine-2-14C from Schwarz
BioResearch, Orangeburg, N.Y. Radioactivity was
measured on a Nuclear-Chicago gas-flow planchet
counting system.

Hydroxyurea was purchased from the Sigma
Chemical Co., St. Louis, Mo. Unless indicated other-
wise, the hydroxyurea was added to the cells just
prior to the phage. It was added either in solid form
or as a freshly prepared solution.
DNA was determined by the method of Short et al.

(15). Deoxycytidine 5'-phosphate (dCMP) hydrox-
ymethylase and deoxycytidine 5'-triphosphatase
(dCTPase) were assayed as described earlier (17, 18),
by 30-min incubation at 35 and 30 C, respectively.
DNA in uninfected E. coli was labeled by adding

0.02 ,umole and 1 ,1C of 14C-thymidine to 80 ml of E.
coli (2 X 108 cells/ml). After aeration for 20 min,
the cells were harvested by centrifugation and resus-
pended in fresh medium. The desired amount of
hydroxyurea was then added to 12-ml portions of this
culture, and the cells were infected with T4 or amNl22;
1-ml samples were removed at various times and
mixed with 0.1 ml of 50% trichloroacetic acid. The
precipitates were dissolved in 0.8 ml of 0.1 N NaOH,
and reprecipitated with 1.2 ml of 10% trichloroacetic
acid. These precipitates were washed with 2-ml
portions of cold 95% ethyl alcohol and diethyl ether,
dissolved in 1 N NH4OH, plated, and counted to
determine the amount of 14C-thymidine remaining in
the DNA.

Nucleotides in infected E. coli were labeled by
adding 1.5 ml of uracil-2-14C solution (2.66 X 108
counts per min per ml and 24 X 105 counts per min
per ,umole) to 11 ml of E. coli infected with phage.
Hydroxyurea, when present, was added 5 min before
the phage, and the uracil was added 3 min after the
phage. The cells were harvested 15 min after infection,
and the intracellular nucleotides were extracted and
separated on ion-exchange columns as described
earlier (19).

RESULTS

The effect of hydroxyurea concentration on the
turbidity and DNA content of uninfected cells
and cells infected with bacteriophage T4 is shown
in Fig. 1. Several findings are significant. The
sensitivity ofDNA synthesis to hydroxyurea inhi-
bition was greatly enhanced after phage infection.
Whereas 0.01 to 0.02 M hydroxyurea was required
to inhibit bacterial DNA synthesis by 50%, 2.6 X
104 M inhibited phage DNA synthesis by 50%.
Whereas the turbidity of inhibited uninfected cul-
tures continued to increase, presumably owing to
cell elongation (11), the turbidity of inhibited
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FIG. 1. Effect of hydroxyurea onz cell mass andDNA
synthesis. At the times indicated, samples were with-
drawn from the cultures of uninfected cells (A, B)
and cells inifected with phage T4 (C, D) for determina-
tion of optical density or DNA content. Hydroxyurea
was present at the following concentrations: A, B,
none (0), 1.3 X 10-2 M (0), 4.0 X 10-2 M (U),
6.6 X 10-2 M (O), 13 X 1J-2 M (A), C, none (X),
2.5 X 10-i M (0), 2.5 X 10-1 M (*), 1.1 X 10-2
M (O), 4.1 X 10-2 M (A); D, none (0)2.6 X 105
M (0), 2.6 X 10-4 M (U), 2.6 X 10-3 M (El).

infected cultures increased for only 20 min and
then remained constant or decreased, suggesting
cell lysis. The uninhibited infected culture showed
a temporary decrease in turbidity between 35 and
45 min due to normal cell lysis, but then lysis
inhibition was effected by the released phage and
the turbidity again began to increase as phage
synthesis continued. The premature lysis of the
inhibited cultures may be due to the absence of
lysis inhibition because of the small phage yields
from inhibited cells as shown below.

Previous studies (11) indicated that hydroxy-
urea does not generally affect protein synthesis
directly in E. coli, and this was clearly true also in
bacteria infected with phage T4 (Fig. 2). Two
early enzymes, dCMP hydroxymethylase and
dCTPase, are made just as readily in the presence
of hydroxyurea as in its absence. In cells infected
with T4 mutants unable to induce phage DNA
synthesis, early enzyme synthesis does not stop at
15 min but continues for up to 60 min (22).
Hydroxyurea neither inhibited this extended early
enzyme synthesis in cells infected with amB22, a
mutant unable to induce phage DNA polymerase
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FIG. 2. Effect of hydroxyurea I
induced early enzymes. Phage I
coli B in the absence of hydroxy
of 6.3 X 10-2 m hydroxyurea ((
removed at the indicated times
immediately frozen in dry ice-ace
overnight in the freezer. They M
lysed withl chloroform; 0.05- and
assayed for dCTPase and dCM
respectively. A similar experim,
with amB22 antd 6.0 X 10-2 M h)

hylose "4C-thymidine, whereas little or no loss of acid-
2 am B22 insoluble thymidine occurred in cells infected with

,--o T4, even in the presence of hydroxyurea (Fig. 3).
Thus, in hydroxyurea-treated cells, DNA break-
down occurs, but the products can be efficiently

l /t reincorporated into DNA, presumably phage
7' DNA.

If limited phage DNA synthesis can occur in
oi~, the presence of hydroxyurea, the demonstration
0) 20 40 that infectious phage synthesis also occurs would

indicate that the phage DNA is normal, or nearly
2- so. Some phage synthesis did occur in the

inhibited cells (Fig. 4), and the yield (15 to 20
phage/cell) in the presence of enough hydroxy-
urea to prevent net DNA synthesis (see Fig. 1)

l I / was close to that expected from degradation of the
bacterial DNA to deoxyribonucleotides and the
subsequent synthesis of phage DNA from these

o 0 . 4 precursors. The bacterial chromosome has a
0 20 40 molecular weight of about 2.5 X 109 daltons (2),

R INFECTION whereas the phage chromosome has a molecular
on synthesis ofphage- weight of about 1.3 X 108 daltons (16). Since the
T4 were added to E. (adenine + thymine)/(guanine + cytosine) ra-
Purea (@) or presence tios are about 0.97 and 1.89 in E. coli and T4
D), and samples were DNA, respectively (6, 23), the supply of deoxy-
v. The samples were adenosine 5'-phosphate or deoxythymidine 5'-
tone, and were stored phosphate would be limiting. Thus, a maximum
Pere then thawed and of about 14 phage can be synthesized from each
0.5-mI portions were bacterial chromosome. Cells grown under the
rP hydroxymethylase, conditions used in this experiment actually con-ent was carried out

tain DNA equivalent to three or four E. coliydroxyurea. chromosomes (2), but degradation of the host
and DNA synthesis in E. coli B (17), nor induced
extended early enzyme synthesis in cells infected
with T4 (Fig. 2). This failure of hydroxyurea to
extend early enzyme in cells infected with T4 sug-
gests that, although no net DNA synthesis occurs
in these cells, phage DNA is being synthesized.

If phage DNA is synthesized in the presence of
hydroxyurea, it would indicate either that the
primary block is leaky or that phage infection
provides a partial bypass of the block. If the pri-
mary block in E. coli is inhibition of the ribo-
nucleoside diphosphate reductase system, then
the breakdown of E. coli DNA to deoxyribo-
nucleotides after infection with T-even phages
would provide a limited alternate supply of deoxy-
ribonucleotides. If this were the case, phage DNA
could be synthesized in the absence of net DNA
synthesis. This DNA breakdown is most con-
veniently observed after infection of E. coli B with
T4 mutants unable to induce phage DNA synthe-
sis; amNI22, which induces a defective dCMP
hydroxymethylase, is such a mutant. Hydroxy-
urea did not affect the usual breakdown of E. coli
DNA in cells infected with amN122 as measured
by the decrease in trichloroacetic acid-insoluble
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FIG. 3. Effect of hydroxyurea on breakdown and
reutilization of labeled E. coli DNA. After infection
of the cells with T4 or amNJ22 in the presence of
hydroxyurea, 1-ml samples were removed at the
indicated times and assayed for trichloroacetic acid-
insoluble 14C. The curves represent cells infected
with phage in the presence of the following concen-
trations of hydroxyurea: T4, none (0), 3.2 X 10-3
m (0), 6.4 X 10-2 M (A); amN122, none (0), 3.0 X
10-3 M (0), 6.2 X 10-2 M (A).
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FIG. 4. Effect of hydroxyurea on phage yield. E.
coli was infected with T4 in the presence of thefollowing
hydroxyurea concentrations: none (0), 2.5 X 10-4 M
(0), 1.3 X 10-3 M (E), 3.1 X N-3 m (O), 1.6 X
10-2 M (A), and 6.9 X 1Jf2 m (A). Another culture
was infected with amB3 at a multiplicity of infection
of 1.2 in the absence (0) or presence of 1.5 X 10-2
M (0) hydroxyurea. Samples were removed at the
indicated times for determination of phage titer. T4
was titered on E. coli B; amB3 was titered on E. coli
CR63, a permissive host for amber mutants.

chromosome is incomplete (see Fig. 3). The
maximum theoretical yield can be roughly esti-
mated to be 30 to 40 phage per cell, indicating
that at least 50%, of the deoxyribonucleotides
produced by breakdown of the E. coli DNA are
incorporated into phage DNA in the presence of
hydroxyurea.
Phage T4 mutants defective in genes 46 or 47

are unable to degrade E. coli DNA to acid-soluble
form (20). Thus, the limited phage yield observed
above in the presence of hydroxyurea should be
completely abolished if E. coli B is infected with a

gene 46 or 47 mutant in the presence of hydroxy-
urea. The results in Fig. 4 indicate that this is the
case. In cells infected with the gene 46 mutant
amB3, between one and two phages per cell were
synthesized in the absence of hydroxyurea; this
phage yield was completely eliminated by hy-
droxyurea.
To determine the extent of inhibition of deoxy-

ribonucleotide synthesis by hydroxyurea in phage-
infected cells, two T4 mutants were used which
have been previously shown to accumulate

deoxyribonucleotides (19). Mutant amE56 cannot
induce dClPase (21) and therefore accumulates
dCDP and deoxycytidine 5'-triphosphate (dCTP);
amB24 cannot induce deoxyribonucleoside mono-
phosphate kinase (20) and accumulates dCMP
and deoxyhydroxymethylcytidylic acid (dHMP).
The total deoxycytidine and deoxyhydroxy-
methylcytidine nucleotide pool was decreased
more than 10-fold, and the total cytidine nucleo-
tide pool was increased more than 2-fold, by the
addition of hydroxyurea to the culture (Table 1).
A similar effect was observed with the total thymi-
dine and uridine nucleotide pools. In general,
there was a good correlation between the reduced
size of the deoxyribonucleotide pools and the
increased size of the ribonucleotide pools. These
data are good direct evidence that the in vivo
reduction of ribonucleotides to deoxyribonucleo-
tides is dramatically inhibited by hydroxyurea.
Similar results were obtained with a much lower
concentration of hydroxyurea (3.4 X 10-4 M).
This rules out the possibility that the hydroxyurea
might be inhibiting the reductase only at high
hydroxyurea concentrations, and that some other
step in DNA replication is inhibited at the lower
hydroxyurea concentrations in phage-infected
cells.
The hydroxyurea effect was reversible (Fig. 5).

When hydroxyurea was removed from the in-
fected culture by 15 min, phage production
paralled that observed in the absence of
hydroxyurea. When the hydroxyurea was re-
moved at 25 and 35 min after infection, consider-
able phage synthesis occurred, but the rate de-
creased with increasing exposure to hydroxyurea.
This could be related to the decreasing turbidity
of infected cultures observed in Fig. 1C. Cell lysis
would reduce the number of phage-yielding cells,
and this lysis appears to begin between 20 and 30
min after infecton.

DISCUSSION
The data presented indicate that hydroxyurea

dramatically inhibits deoxyribonucleotide synthe-
sis in T4-infected E. coli, but allows efficient
utilization of preformed deoxyribonucleotides for
the synthesis of infectious phage DNA. As shown
in the diagram below, when reaction 1 is blocked
by hydroxyurea, reaction 3 can take place as long
as reaction 2 is taking place. When reaction 2 is
blocked by a phage mutation, reaction 3 does not
occur, indicating that there is no synthesis of
deoxyribonucleotides from some unknown path-
way in these phage-infected cells.

Ribonucleotides

121
E. coli DNA -2 Deoxyribonucleotides -3 phage DNA
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TABLE 1. Effect of hydroxyurea on the incorporationl of 14C-uracil into deoxyribonzucleotides in phage-
infected E. coli

Total labeled nucleotide poolsa (pmoles/ml of cultureb)
Mutant accumulatedec Hydroxyureaaccumulatedc ~~~~~~Total TotaldC + dH rC C + H dT rU T +U

amE56 dCDP-dCTP None 135 97 232 34 101 135
0.053 M 14 281 295 2 149 151

amB24 dCMP-dHMP None 377 354 731 111 647 758
0.053 M 6 732 738 7 939 946

a dC refers to the sum of labeled uracil incorporated into dCMP, dCDP, and dCTP. Similarly, dH,
rC, dT, and rU refer to the total label incorporated into the corresponding acid-soluble nucleotides, in-
cluding nucleoside diphospho sugars.

b Approximately 4 X 108 cells/ml.
c See reference 19.
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FIG. 5. Recovery of phage production after removal

of hydroxyurea. E. coli was infected with T4, and
hydroxyurea was added 3.5 min after infection to give
a final concentrationi of 4.9 X 10-3 M; 0.l-ml samples
were removed from this culture and diluted 101 X
in fresh medium at the following times after infection:
2 min (@), 5 min (0), 15 min (U), 25 min (O), and
35 min (A).

This phage DNA made in the presence of
hydroxyurea can be used for transcription of late
RNA and is infective, suggesting that it is essen-
tially normal. The data strongly suggest that
hydroxyurea may have one primary effect in E.
coli, the inhibition of the ribonucleoside diphos-
phate reductase system. Other defects in nucleic
acid structure and metabolism may subsequently
occur as a result of this deoxyribonucleotide
deficiency.
Cohen and Barner (1) showed that infection of

E. coli with T-even phage results in increased
ribonucleotide reductase activity, but did not
determine whether this increased activity is due to
new phage-induced enzymes. Recently, Yeh,
Dubovi, and Tessman (Virology, in press) iso-
lated T4 mutants unable to induce this increased

ribonucleotide reductase activity, suggesting that
the phage genome does carry one or more struc-
tural genes for new ribonucleotide reductase
enzymes. Furthermore, Yeh (personal communica-
tion) has shown that the phage-induced system is
sensitive to hydroxyurea in vitro, and our results
suggest that this reductase system is also sensitive
to hydroxyurea in vivo. The greater sensitivity of
phage-infected cells to hydroxyurea as compared
to uninfected cells could possibly be an indication
of a more sensitive phage-induced enzyme, but
more likely is just an indication that phage-
infected cells are more permeable to the agent.
Phage infection has previously been shown to
increase cell permeability (10).

Margaretten et al. (8) did not observe that
phage-infected cells are more sensitive to hydroxy-
urea than are uninfected cells, and the reason for
this discrepancy is obscure. They also reported
that abnormal T4 phage structures are observed.
Their results and ours can be explained by assum-
ing that hydroxyurea-treated cells make enough
progeny DNA from the breakdown of E. coli
DNA to permit extensive transcription of late
genes and synthesis of late proteins in excess of
that needed to package the limited quantities of
DNA available. Thus, bizarre structures due to
DNA deficiency might result. Such structures
might also be formed in cells infected with gene
46 or 47 mutants which also induce limited phage
DNA synthesis (20).

ACKNOWLEDGMENT

This investigation was supported by Public Health Service
grant 5-ROI-AI07898-02 from the National Institute of Al-
lergy and Infectious Diseases.

LITERATURE CITED
1. Cohen, S. S., and H. D. Barner. 1962. Spermidine in the

extraction of the deoxyribosyl-synthesizing system from
T6 r+-infected Escherichia coli. J. Biol. Chem. 237:PC 1376-
1378.

VOL. 3, 1969 335



WARNER AND HOBBS

2. Cooper, S., and C. E. Helmstetter. 1968. Chromosome repli-
cation and the division cycle of Escherichia coli B/r. J.
Mol. Biol. 31:519-540.

3. Elford, H. L. 1968. Effect of hydroxyurea on ribonucleotide
reductase. Biochem. Biophys. Res. Commun. 33:129-135.

4. Epstein, R. H., A. Bolle, C. M. Steinberg, E. Kellenberger,
E. Boy de la Tour, R. Chevalley, R. S. Edgar, M. Susman,
C. H. Denhardt, and E. Lielausis. 1963. Physiological
studies of conditional lethal mutations of bacteriophage
T4D. Cold Spring Harbor Symp. Quant. Biol. 28:375-392.

5. Gale, G. R., S. M. Kendall, H. H. McLain, and S. DuBois.
1964. Effect of hydroxyurea on Pseudonionas aerugi)?osa.
Cancer Res. 24:1012-1019.

6. Josse, J., A. D. Kaiser, and A. Kornberg. 1961. Enzymatic
synthesis of deoxyribonucleic acid. VIII. Frequencies of
nearest neighbor base sequences in deoxyribonucleic acid.
J. Biol. Chem. 236:864-875.

7. Kozloff, L. M. 1953. Origin and fate of bacteriophage material.
Cold Spring Harbor Symp. Quant. Biol. 18:209-220.

8. Margaretten, W., C. Morgan, H. S. Rosenkranz, and H. M.
Rose. 1966. Effect of hydroxyurea on virus development.
I. Electron microscopic study of the effect on the develop-
ment of bacteriophage T4. J. Bacteriol. 91:823-833.

9. Pfeiffer, S. E., and L. J. Tolmach. 1967. Inhibition of DNA
synthesis in HeLa cells by hydroxyurea. Cancer Res.
27:124-129

10. Puck, T. T., and H. H. Lee. 1954. Mechanism of cell wall
penetration by viruses. I. An increase in host cell perme-

ability induced by bacteriophage infection. J. Exptl. Med.
99:481-494.

11. Rosenkranz, H. S., A. J. Garro, J. A. Levy, and H. S. Carr.
1966. Studies with hydroxyurea. I. The reversible inhibition
of bacterial DNA synthesis and the effect of hydroxyurea
on the bactericidal action of streptomycin. Biochim. Bio-
phys. Acta 114:501-515.

12. Rosenkranz, H. S., S. J. Jacobs, and H. S. Carr. 1968. Studies
with hydroxyurea. VIII. The deoxyribonucleic acid of
hydroxyurea-treated cells. Biochim. Biophys. Acta 161:
428-441.

13. Rosenkranz H. S., and J. A Levy. 1965. Hydroxyurea: a

specific inhibitor of deoxyribonucleic acid synthesis.
Biochim. Biophys. Acta 95:181-183.

14. Schwartz, H. S., M. Garofalo, S. S. Sternberg, and F. S.
Philips. 1965. Hydroxyurea: inhibition of deoxyribonucleic
acid synthesis in regenerating liver of rats. Cancer Res.
25:1867-1870.

15. Short, E. C., H. R. Warner, and J. F. Koerner. 1968. The
effect of cupric ions on the indole reaction for the deter-
mination of deoxyribonucleic acid. J. Biol. Chem. 243:
3342-3344.

16. Stent, G. S. 1963. Molecular biology of bacterial viruses, p.

67. W. H. Freeman & Co., San Francisco.
17. Warner, H. R., and J. E. Barnes. 1966. Deoxyribonucleic

acid synthesis in Escherichia coli infected with some de-
oxyribonucleic acid polymerase-less mutants of bacterio-
phage T4. Virology 28:100-107.

18. Warner, H. R., and J. E. Barnes. 1966. Evidence for a dual
role for the bacteriophage T4-induced deoxycytidine tri-
phosphate nucleotidohydrolase. Proc. Natl. Acad. Sci.
U.S. 56:1233-1240.

19. Warner, H. R., and M. D. Hobbs. 1968. Nucleotide accumu-

lations in Escherichia coli infected with some bacteriophage
T4 amber mutants. Virology 36:527-537.

20. Wiberg, J. S. 1966. Mutants of bacteriophage T4 unable to

cause breakdown of host DNA. Proc. Natl. Acad. Sci.
U.S. 55:614-621.

21. Wiberg, J. S. 1967. Amber mutants of bacteriophage T4
defective in deoxycytidine diphosphatase and deoxycytidine
triphosphatase. J. Biol. Chem. 242:5824-5829.

22. Wiberg, J. S., M. L. Dirksen, R. H. Epstein, S. E. Luria, and
J. M. Buchanan. 1962. Early enzyme synthesis and its
control in E. coli infected with some amber mutants of
bacteriophage T4. Proc. Natl. Acad. Sci. U.S. 48:293-302.

23. Wyatt, G. R., and S. S. Cohen. 1953. The bases of the nucleic
acids of some bacterial and animal viruses: the occurrence

of 5-hydroxymethyl cytosine. Biochem. J. 55:774-782.
24. Yarbro, J. W., B. J. Kennedy, and C. P. Barnum. 1965.

Hydroxyurea inhibition of DNA synthesis in ascites tumor.

Proc. Natl. Acad. Sci. U.S. 53:1033-1035.
25. Young, C. W., G. Schoechetman, and D. A. Karnofsky. 1967.

Hydroxyurea-induced inhibition of deoxyribonucleotide
synthesis: studies in intact cells. Cancer Res. 27:526-534.

336 J. VIROL.


