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Phleomycin is an effective inhibitor of the replication of Bacillus subtilis
bacteriophage PBS2, whose DNA contains uracil instead of thymine. Phleomycin
does not affect the induction of the known phage enzymes involved in
deoxyribonucleotide metabolism. But phage DNA synthesis is severely inhibited
by phleomycin, and late virion protein synthesis is eliminated. These effects
appear to result from a phleomycin-induced degradation of the parental phage
DNA. Similar inhibitory and degradative effects on DNA are seen in phleomycin-
treated, uninfected cells. This system is unaffected by the related antibiotic,
bleomycin.

In our study of the synthesis of uracil-con-
taining DNA by phage PBS2 in its thymine-
DNA host, Bacillus subtilis, we searched for a
potent and specific inhibitor of PBS2 DNA
synthesis. Nalidixic acid, which inhibits B.
subtilis DNA synthesis by an unknown mecha-
nism (2), was relatively ineffective against
PBS2 (23). Hydroxyphenylazouracil (HPUra),
which specifically blocks B. subtilis DNA po-
lymerase III (6), did not alter the course of PBS2
infection (24). Hydroxyurea, an inhibitor of B.
subtilis ribonucleotide reductase (3), blocked
PBS2 DNA synthesis only at high concentra-
tions which had nonspecific effects (23). There-
fore, we examined a different class of inhibitor,
a DNA-binding antibiotic.
Commercially available phleomycin is a mix-

ture of at least 10 different antibiotics excreted
by Streptomyces verticullus (11). Its compo-
nents share a complex multiring structure (31),
reversibly bind copper ions (30), and have
different potencies in inhibiting the growth of
various bacterial and animal cells (12).
Phleomycin has been shown to bind to several
DNA species in studies with thermal denatura-
tion profiles (4), infrared spectra (18), electron
microscopy (19), gel filtration (17), and ultravi-
olet and circular dichroism differerce spectra
(14). Interaction of one lot of phleomycin with
certain RNAs was indicated in studies on the
infectivity of single-stranded polio RNA (13)
and on the melting of double-stranded reovirus
RNA (34). An elaborate model of phleomycin
binding to the 2-oxygen of thymine rings in poly
(dT) stretches of DNA helixes has been devised
(7).
Phleomycin has been reported to be an

inhibitor of growth in prokaryotic cells (30),
specifically reducing the rate of DNA synthesis
in B. subtilis (27) and in Escherichia coli, either
uninfected (5, 32) or early in OX174 phage
infection (20). In these studies, little effect of
phleomycin addition was observed on RNA and
protein synthesis (27, 32). Degradation of DNA
after phleomycin treatment of uninfected cells
was found to be slight (32) or nearly complete
(5, 8, 27). DNA as the target of phleomycin
action was also supported by the partial resist-
ance to phleomycin of E. coli DNA repair (host
cell reactivation-negative) mutants (8); mu-
tants selected for phleomycin resistance were
often also very sensitive to ultraviolet light (8)
or subject to high spontaneous mutation rates
(10). Furthermore, drugs like caffeine which
bind single-stranded DNA were found to en-
hance phleomycin-induced DNA degradation
(9).

In contrast to the above reports, others (34)
have found essentially identical degrees of inhi-
bition of E. coli DNA, RNA, protein, and
specific enzyme synthesis by phleomycin. These
authors (34) also observed inhibition of the in
vitro activity of E. coli DNA polymerase (see
also ref. 4), E. coli RNA polymerase, and phage
Qp RNA polymerase by high concentrations of
phleomycin. Differences in results among the
above authors may well reflect differences in the
bacterial strains or the phleomycin lots em-
ployed, as Pietsch (16) has demonstrated. To
confirm the specificity of phleomycin and study
its effects in our system, we have added
phleomycin during PBS2 infection of B.
subtilis. Our results suggest that phleomycin
acts specifically to prevent PBS2 DNA replica-
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tion by stimulating the degradation of the DNA
template.

MATERIALS AND METHODS

Cells and phage. Methods for growing B. subtilis
SB19 and PBS2 phage in Difco Penassay broth and
procedures for making dialyzed infected cell extracts
have been described (22, 25).
Enzyme assays. Assays of PBS2 phage-induced

DNA polymerase (22), dTMP phosphohydrolase (25),
dCTP deaminase (21), and dUTP pyrophosphatase
inhibitor (A. R. Price, manuscript in preparation)
were performed as before.
DNA analyses. The indole colorimetric assay for

DNA in washed, trichloroacetic acid culture precipi-
tates was used (24, 33). In other experiments, [2-
3H ]adenine (Schwarz/Mann) was added, and samples
(50 gliters) were removed at intervals and spotted on

Whatman 3 MM paper disks for alkaline hydrolysis
and/or washing (35) for scintillation counting in 10 ml
of toluene-based fluid (22) to determine incorporation
into DNA and/or RNA. Alternatively, the 50-Mliter
samples were precipitated in tubes with carrier sal-
mon sperm DNA (100 Mg) in trichloroacetic acid,
processed in alkali, and centrifuged as before (33);
after resuspension in 1 ml of 0.1 N NaOH, the
radioactive DNA was counted in 5 ml of Triton-
toluene scintillation fluid (25).

Antibiotics. Phleomycin (Bristol, lot A9331-909)
was stored at -20 C in water at 1 mg/ml. Solutions of
rifampin (Schwarz/Mann; 50 mg/ml) and HPUra
(Imperial Chemical Industries; 9.3 mg/ml) were

freshly prepared in dimethyl sulfoxide.
PBS2 phage with ['HIDNA. To a 2-ml culture of

cells infected for 5 min with PBS2 phage at a

multiplicity of 5, [3H]adenine was added as above.
Two hours after infection, the lysate was clarified by
centrifugation for 15 min at 10,000 x g; the labeled
phage were pelleted at 25,000 x g for 1 h and
resuspended in 1 ml of adsorption medium (22). This
stock contained 4.8 x 109 phage and 7 x 105 counts/
min.

Sucrose gradients. Infected cells were lysed and
centrifuged in sucrose gradients as described by
Reiter et al. (27). Standards included 23S Col E,
"4C-labeled DNA, 63S T4 phage 32P-labeled DNA,
and 86S Salmonella cryptic plasmid "4C-labeled
DNA.

SDS-polyacrylamide gel electrophoresis. Slab
gels (100 mm long) were prepared as described by
Ames (1) with the following percentages of acrylam-
ide: 5% stacking gel, 7% separating gel, and 15%
front-retaining gel. N,N'-methylene-bis-acrylamide
was used as cross-linker at a constant percentage
(2.7%, wt/wt) of the acrylamide. All buffers contained
0.1% sodium dodecyl sulfate (SDS).

PBS2-infected cells (1 ml) were labeled for 10 min
at 37 C with "4C-labeled amino acids (New England
Nuclear, "4C-labeled algal hydrolysate) at 10 ACi/ml.
Cells were diluted with 2 ml of 2% Difco Casamino
Acids at 0 C, centrifuged at 7,500 x g for 10 min, and
suspended for 20 min at 37 C in 24 Aliters of Tris-
hydrochloride buffer (pH 6.8, 70 mM) containing

lysozyme at 1 mg/ml. Lysis and protein dissociation
were completed by the addition of 6 ,liters of 5% SDS
solution containing 50% glycerol and 0.7 M 2-mercap-
toethanol, followed by heating for 2.5 min in a boiling
water bath. Aliquots (10 ,liters) were layered under
the SDS buffer on the slab gels for electrophoresis.
Other aliquots (5 uliter) were precipitated at 0 C with
1 ml of 10% trichloroacetic acid containing 100 ltg of
albumin carrier, filtered on Gelman GA-6 mem-

branes, dried, and counted in toluene-based scintilla-
tion fluid.

Marker proteins for electrophoresis included bovine
serum albumin (mol wt = 68,000), ovalbumin
(45,000), chymotrypsinogen (23,000), myoglobin
(17,000), and lysozyme (14,300). Bromophenol blue
was used to follow the front boundary during electro-
phoresis (2.5 h at 15 mA at 22 C). Gels were stained
with Coomassie blue in 10% acetic acid to detect the
standard proteins or were immediately dried unfixed
on filter paper and subjected to autoradiography with
Kodak NoScreen film for 4 days.

'IC-labeled PBS2 virion proteins. To a 4-ml
culture of cells infected for 20 min by PBS2 phage,
"4C-labeled amino acids were added as above. Two
hours after infection, the lysate (6 x 109 phage/ml)
was clarified by centrifugation at 0 C for 10 min at
10,000 x g. The supernatant fluid was centrifuged at
25.000 x g for 1 h to pellet the phage, which were

allowed to resuspend overnight in adsorption medium
(22). The phage (density = 1.43 g/cm9) were purified
in a CsCl density gradient in adsorption medium;
centrifugation was for 40 h at 15 C in a 50 Ti rotor at
40,000 rpm. After dilution with citrate buffer (22), the
labeled phage were pelleted at 25,000 x g for 2 h at
0 C, resuspended in 50 uliters of the above SDS
buffer, and boiled for 2 min. To reduce viscosity, 5
Mliters of 10 mM MgCl2 containing pancreatic DNase

I (Worthington code D, 10 mg/ml) was incubated with
the dissociated phage for 25 min at 37 C; a 10-Mliter
sample was subjected to SDS-polyacrylamide gel
electrophoresis as above.

RESULTS

Phleomycin inhibition of PBS2 phage pro-

duction. Figure 1 indicates the inhibitory effect
on intracellular phage production of increasing
concentrations of phleomycin added at the time
of infection. Phleomycin at as little as 1 ,Lg/ml
detectably reduced PBS2 reproduction, and at
25 gg/ml inhibited it over 99%. This effect was

dependent upon both the phleomycin concen-

tration and the time of its addition (Table 1).
Inhibition was greatest when the antibiotic was

added before or within 5 min after infection.
Adding phleomycin at times later than 20 min
after infection, when intracellular phage are

accumulating (26), had a progressively smaller
inhibitory effect. Phage did continue to be
assembled in the presence of phleomycin at 10
ug/ml; its addition at 20 min after infection still
allowed a fivefold increase in the level of infec-
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FIG. 1. Inhibition of PBS2 phage production by
phleomycin. B. subtilis cultures grown to A,,, = 1.2
were infected with a multiplicity of 7.5 PBS2 phage
per cell. Phleomycin at the indicated concentration
was added at the time of infection. After 150 min, lysis

was completed by addition of lysozyme and chloram-
phenicol (24), and the phage were titered. All cultures
lysed prematurely at 15 min by this treatment showed
an eclipse of infecting phage to less than 107/ml.

tive particles during the following 40 min (data
not shown).

Control experiments demonstrated that
phleomycin did not prevent the normal adsorp-
tion of PBS2 phage to the cell (see legend to Fig.
1). Furthermore, the titer of PBS2 phage stocks
was not reduced by incubation with even 500,ug
of phleomycin per ml.
The sensitivity of phage production to

phleomycin was relatively independent of the
multiplicity of infection. Addition of 2 Mg of
phleomycin per ml at the time of infection at
multiplicities of 2, 4, 6, and 8 PFU per col-
ony-forming unit resulted in 30 to 35% of normal
burst size at 2 h. Infection at a multiplicity of 2,
6, or 10 followed at 25 min by phleomycin
treatment at 25 g/iml gave 7, 12, and 16% of
normal burst sizes, respectively.
Phleomycin effect on cell lysis. The absorb-

ance of uninfected cells treated with phleomy-
cin at 10 Mg/ml (absorbance at 660 nm [A.,o]
was 1.0) continued to increase to A,,, = 1.7 in 30
min, and then it remained constant for 2 h.
Infected cultures normally continue to increase
in turbidity until lysis begins after 45 min and is
almost complete by 120 min (see Fig. 2).
Phleomycin reduced the rate of lysis of infected
cells by only 5% at 2 Mg/ml and 20% at 10 Mg/ml;
however, 25 Mg of phleomycin per ml added at

the time of infection essentially prevented lysis
(Fig. 2). Addition of 25 ,g of phleomycin per ml
at 25 min after infection only slightly reduced
the extent of lysis.
Phleomycin and phage enzyme synthesis.

To determine whether phage genes were being
expressed in the presence of phleomycin, we
assayed extracts of infected cells for all the
known PBS2-induced proteins involved in de-
oxyribonucleotide metabolism (Fig. 2). Phleo-
mycin at 25 gg/ml, sufficient to prevent any
detectable phage production (less than 0.1%),
had no appreciable effect on the time course of
induction of the PBS2 DNA polymerase (22),
the PBS2 dTMP phosphohydrolase which pro-
duces thymidine and inorganic orthophosphate
(25), and the PBS2 protein which inhibits the
host's dUTP pyrophosphatase from producing
dUMP (A. R. Price, manuscript in prepara-
tion). These extracts could not be assayed for
the PBS2 dCTP deaminase which produces
dUTP (21), since that enzyme was found to be
inactivated by the axide in the dialysis buffer
(see legend to Fig. 2). However, an independ-
ent experiment with azide-free extracts pre-
pared 45 min after infection gave dCTP deam-
inase specific activities of 200 and 220 nmol/h
per mg of protein for control and phleomycin-
treated (25 ,g/ml), added with phage) cul-
tures, respectively.
Even prior addition of phleomycin had little

TABLE 1. Effect of concentration and time of addition
on phleomycin inhibition ofPBS2phage productiona

Phage yield in the presenceTim of phemyi of phleomycin at:
addition (mm after

infection) 2 ug/ml 10 zg/ml

No phleomycin (100%)b (100%)C
-20 7 1
-5 21
0 25 1
5 33

20 72 11
25 17
30 37
35 54
40 90 71
60 106 105

a Cells were grown to A... = 1.0 and infected with
PBS2 phage at a multiplicity of 7.5. The burst of
progeny phage was determined as in Fig. 1.

" Phleomycin was added at 2 jig/ml at the indicated
times, and all cells were lysed for titering at 120 min
after infection (100% = 7.5 x 109 phage/ml).

cPhleomycin was added at 10 Ag/ml at the indi-
cated times, and all cells were lysed for titering at 60
min after infection (100% = 1.1 x 1010 phage/ml).
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effect on PBS2 enzyme synthesis. Cultures
treated with 25 ,g of phleomycin per ml at 5
min before infection gave extracts at 20 and 35
min after infection with 90 to 120% of normal
PBS2 DNA polymerase and dTMP phosphohy-
drolase specific activities. Cultures treated at
20 min before infection still gave 60 to 75% of
control levels of these enzymes. Thus, phleomy-
cin did not appear to interfere appreciably with
the synthesis of PBS2 mRNA and the known
proteins believed to be necessary for uracil-
DNA synthesis.
Measurement of PBS2 DNA synthesis. Ini-

tial experiments with colorimetric DNA analy-
sis suggested that the addition of 25 Mg of

phleomycin per ml with PBS2 phage prevented
the normal rise (23, 24, 26) in DNA level from 13
ytg/ml at 20 min to 30 ,g/ml by 90 min; instead,
a decline in DNA to 8 qg/ml of culture was
observed. However, this assay is tedious and
insensitive to small increases in DNA synthesis.

Therefore, we tested other methods for de-
tecting DNA synthesis, utilizing the incorpora-
tion of [3H ]adenine into acid-precipitable mate-
rial. Figure 3 shows the amount of incorporation
in aliquots from uninfected and infected cells as
measured on paper disks by the method of
Watson and Yamazaki (35). Uninfected cells
incorporated [3H ]adenine immediately into
DNA (4%) and RNA (96%) and continued until
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FIG. 2. Induction ofPBS2 enzymes in the presence of phleomycin. Cells were infected at 37 C in the absence
(0) or presence (0) of 25 Aig ofphleomycin per ml. Culture absorbance readings (1-cm path) and 35-mi aliquots
for extract preparation were taken at the indicated times. Extracts were dialyzed in buffer G (25) containing
0.02% sodium azide as preservative; they had protein concentrations of 1. 7 to 2.1 mg/ml. They were assayed at
37 C to determine the specific activities of DNA polymerase (nanomoles of ['H]dA TP incorporated per minute
per milligram of protein), dTMP phosphohydrolase (micromoles of inorganic orthophosphate produced in 15
min per milligram of protein), and dUTP pyrophosphatase (micromoles of ['H]dUMP plus deoxyuridine pro-
duced per hour per milligram of protein).
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FIG. 3. Measurement of DNA synthesis by
[3H]adenine incorporation in uninfected and PBS2-
infected cells. A culture of B. subtilis was grown to
A,,,, = 1.0 and divided for infection of one half by
PBS2 phage at a multiplicity of 10. Five minutes
later, aliquots (1 ml) were added to tubes containing
[3H]adenine (50 nmol, 12.5 ACi) in the presence of the
following: untreated (0, uninfected; 0, infected);
HPUra, 19 lAg/ml (U, uninfected; 0; infected); or
phleomycin, 10 1ig/ml (A, uninfected). Samples (50-
,iliter) were taken at the indicated times after SH
addition onto paper disks for processing to determine
radioactivity incorporated into DNA. Complete incor-
poration of the [3H]adenine added gave 150,000
counts/min per 50-,uliter aliquot into acid-insoluble
DNA plus RNA.

the [3H]adenine supply was exhausted at 45
min. Incorporation into host DNA (but not into
RNA) was completely blocked by the addition
of HPUra (Fig. 3), which inhibits the host's
DNA polymerase III (6). Phleomycin at 10
jg/ml inhibited the rate of host DNA synthesis
by 75% and stopped net incorporation into DNA
by 20 min.

In contrast, there is a 10-min delay in the
onset of DNA synthesis in PBS2-infected cells,
since host DNA synthesis is shut off (see ref. 26
and 28). [3H ]adenine was incorporated into
DNA (25%) and RNA (75%). Labeling of DNA
(and RNA) was unaffected by HPUra (Fig. 3),
confirming the resistance of PBS2 infection to
HPUra (24). The apparent rate of DNA syn-
thesis in infected cells is about threefold higher
than in uninfected cells (Fig. 3), confirmed by
previous colorimetric DNA results (23, 24). The

apparent rate of RNA synthesis (data not
shown) after infection is two- to fourfold lower
than before infection (see also ref. 26). But the
results show that the incorporayion of [3H ]ade-
nine after PBS2 infection is an accurate meas-
ure of phage DNA synthesis and could be used
to determine the effects of phleomycin.
Phleomycin inhibition of phage DNA

synthesis. Phleomycin at 25 jg/ml added at the
time of infection reduced the rate of phage DNA
synthesis by 90% (Fig. 4). Net DNA synthesis
began at the normal time, 15 min after infec-
tion, but stopped 20 to 30 min later. These
experiments were performed by using acid pre-
cipitation of DNA in tubes (Fig. 4; see text).
Similar results were obtained by using precipi-
tation on paper disks as in Fig. 3, but the radio-
activity precipitable on disks was found to
decrease late in infection, due to a failure of
DNA packaged into phage to stick to the disks.
Addition of phleomycin 10 min after phage
DNA synthesis had begun (Fig. 4) allowed
continued DNA synthesis and phage assembly
(see above) for another 25 min. This is consist-
ent with in vitro assays of the PBS2 DNA
polymerase activity in DNA-free extracts of
polh cells (22); a 45-min preincubation and
15-min assay with salmon sperm DNA or PBS2
DNA as template was inhibited less than 10%
by the presence of 250,ug of phleomycin per ml.
DNA synthesis in uninfected cells displayed a
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FIG. 4. Inhibition by phleomycin of PBS2 phage

DNA synthesis. Cells were grown, infected, and incu-
bated with [3H]adenine at 5 min after infection as in
Fig. 3. Cultures were untreated (0) or treated with
phleomycin at a final concentration of 25 ug/ml,
added at the time of infection (-) or at 25 min after
infection (U). Samples (50 uliter) were taken into
tubes at the indicated times after 3H addition and
processed.
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sensitivity and pattern of inhibition similar to
infected cells, when phleomycin was added with
[3H]adenine (Fig. 3) or 20 min after [3H]ade-
nine (data not shown).
PBS2 DNA degradation induced by

phleomycin. The effect of phleomycin on the
stability of parental phage DNA during infec-
tion is shown in Fig. 5. While untreated infected
cells maintained all of the prelabeled 3H-
labeled phage DNA in an acid-precipitable
form, addition of phleomycin at the time of
infection resulted in degradation of the DNA.
At 25 ,ug of phleomycin per ml, 20% of the
parental DNA became acid-soluble within 80
min; at 250 yg/ml, 40% was solubilized. As a
control, DNA extracted from prelabeled phage
and incubated with phleomycin (250 gg/ml
for 1 h) was shown to remain completely acid
insoluble.
Using uninfected cells whose DNA had been

prelabeled with [3H]thymidine, we observed a
progressive 35% and 70% loss in acid-precipita-
ble radioactivity during a 2-h incubation with
25 and 250 gg of phleomycin per ml, respec-
tively (data not shown). This is confirmed by
the 40% decline in colorimetrically assayable
DNA (see above) after PBS2 infection in the
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FIG. 5. Degradation of parental PBS2DNA during
infection in the presence of phleomycin. Cells were

grown and infected at a multiplicity of 2.5 with a

PBS2 stock (100 gliter) containing phage whose DNA
had been prelabeled with [3HJadenine (see text).
Cultures were untreated (0) or treated with phleomy-
cin at 25 jg/ml (-) or 250 Ag/ml (U) added at the time
of infection. Samples (100 gliters) were taken into
tubes at the indicated times and processed to deter-
mine the radioactive DNA remaining acid insoluble.

presence of phleomycin. This level of B. subtilis
DNA degradation is much more than the slight
loss observed by Tanaka et al. (32), but it is less
than the almost total degradation seen by
Reiter et al. (27). In all cases observed here,
DNA degradation appeared to cease within 1 to
2 h after phleomycin treatment, even though
the cultures do not lyse (see above).

Analysis by sucrose gradient sedimentation of
infecting 3H-labeled parental PBS2 DNA in the
presence of 25 ,ug of phleomycin per ml also
showed this degradation. The 70S DNA present
in virions was converted to acid-insoluble frag-
ments in the range of 10 to 30S during the first
15 min after infection in phleomycin. Reiter et
al. (5, 27) observed a similar endonucleolytic
cleavage of uninfected cellular DNA.
Phleomycin inhibition of PBS2 virion pro-

tein synthesis. Since phleomycin degraded pa-
rental PBS2 DNA during infection (Fig. 5)
without affecting the production of the known
PBS2 enzymes (Fig. 2), it was of interest to
determine whether virion protein synthesis was
occurring. Therefore, cells were incubated with
"C-labeled amino acids to synthesize proteins
(Table 2) which could be separated by SDS-slab
gel electrophoresis and visualized by autoradi-
ography (Fig. 6). These experiments were per-
formed in the presence of rifampin, an antibi-
otic which specifically blocks the B. subtilis
RNA polymerase but has no effect on PBS2
replication (26). The extensive labeling of unin-
fected cell proteins (slot B) was completely
eliminated by prior treatment of the cells with
rifampin (slot A) (Table 2 and Fig. 6).

However, PBS2-infected cells did incorporate
"C-labeled amino acids in the presence of
rifampin (Table 2), and this incorporation was
inhibited by phleomycin added at the time of
infection. Incorporation at 5 to 15, 15 to 25, and
25 to 35 min after infection was reduced by 50%,
70%, and 87%, respectively, by 25 ,g of
phleomycin per ml.

"C-labeled amino acids added late during
infection in the presence of rifampin do label
certain regions of the SDS-slab gel more in-
tensely (slot C; Fig. 6). Several of these bands
correspond in size to proteins found in dis-
sociated purified PBS2 phage particles (slot D).
Synthesis of these proteins was essentially elim-
inated during infection in the presence of
phleomycin (slot E). Earlier labeling of infected
cells gave similar but less intense patterns; no
distinct and different bands were visible early (5
to 15 min) in infection in the presence or
absence of phleomycin. Therefore, we are una-
ble to distinguish true "early" and "late"
classes of PBS2 proteins (see also Fig. 2), as
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TABLE 2. Levels of cellular protein synthesis in the
presence of rifampin and phleomycin

"4C-labeled
Rifam- Phleo- amino acid

Cells labeleda pin mycin incora-
(ug/ml) (Ag/ml) (counts!

min)

Uninfected
Control 0 0 61,600
Pre-treated 100 0 2,300

PBS2-infected
5 to 15 min 100 0 13,300
5 to 15 min 100 25 10,800
15 to 25 min 100 0 13,400
15 to 25 min 100 25 6,900
25 to 35 min 100 0 23,700
25 to 35 min 100 25 3,000

aUninfected cells were grown to A..0 = 1.0, and
one aliquot was pretreated for 30 min with rifampin
before labeling for 10 min with "4C-labeled amino
acids; acid-precipitable radioactivity was deter-
mined. Another aliquot was treated with rifampin
for 5 min before infection with PBS2 phage at a
multiplicity of 10 in the absence or presence of
phleomycin. Infected cells were labeled for 10 min at
the indicated times after infection and processed as
above. The radioactivity measured in these 5-Mliter
aliquots represents a small fraction of the maximum
possible incorporation of 2.5 x 106 counts/min of "IC
added per aliquot.

found in other viruses like E. coli phage T4 and
B. subtilis phage SPOI (15).
Although we have not used protein markers

over 70,000 mol wt in these SDS gels, we can
estimate the sizes of labeled proteins found in
PBS2 phage by extrapolation of a plot of log M
versus migration distance for our standards.
Thus, we estimate the six most intensely la-
beled bands in dissociated PBS2 phage (slot D)
to correspond to peptide mol wt of 290,000,
260,000, 85,000, 68,000, 32,000, and 20,000. The
first two are surprisingly large relative to other
phages (15), but large proteins have been inde-
pendently observed in SDS-dissociated PBS2
phage by S. Clark and R. Losick (personal
communication). Further work is needed to
accurately determine the size, amount, and
particle location of these virion proteins.

DISCUSSION
In contrast to other inhibitors tested (23, 24),

phleomycin (Bristol lot #909) was both a potent
and specific inhibitor of phage PBS2 replication
in B. subtilis. Phleomycin appears to inhibit
PBS2 DNA synthesis (Fig. 4) by inducing the
degradation of the DNA template (Fig. 5),

allowing normal PBS2 enzyme synthesis (Fig.
2) but preventing virion protein synthesis late in
infection (Fig. 6). This specificity for DNA and
proposed mechanism of action are consistent
with previous results by: (i) Reiter et al. by
using the same phleomycin lot on uninfected B.
subtilis (27) or E. coli (5); (ii) Grigg et al. by
using a different lot (#648) on E. coli (8, 9); and
(iii) Tanaka et al. by using phleomycin (source
not stated) on E. coli (32). However, these
authors had not tested the specificity of
phleomycin by the sensitive measurement of
induction of enzymes (see Fig. 2).
Our results and others (5, 8, 9, 27, 32) are

inconsistent with the nonspecific inhibition of
all types of macromolecular synthesis in E. coli
by phleomycin lot #616 (34). The different
effects on E. coli growth and RNA phage
replication between lots #616 and #909 (16, 34)
have been attributed to the presence of a nitrile
contaminant in lot #616 (16). However, it must
be recalled that commercial phleomycin is a
mixture of many related antibiotics (11, 12, 31),
and critical comparisons should be performed
with the same phleomycin lot or, better, with
individually purified components when they
become available.

In a related matter, phleomycin lots #909 (16;
L. Post, unpublished data) and #648 (14) have
ultraviolet absorption spectra similar to the re-
ported major phleomycin components D1, E,
G, H, and I (11) and unlike the "bleomycin-
type" spectra of minor components C, D2, and F
(11). Since the bleomycin series of antibiotics
had been shown to differ from the basic
phleomycin ring structure only by the presence
of an additional double bond (31), and since
bleomycin had been shown to inhibit growth
and degrade DNA in B. subtilis (29), we tested
bleomycin complex and bleomycin A2 in our
system. Although we could confirm the sensitiv-
ity of B. subtilis 168 to 25 ug of bleomycin per
ml (29), we found that DNA synthesis by strain
SB19, our host for phage PBS2, was unaffected
by the presence of 100 ytg of bleomycin per ml.
Thus, we were not surprised to find that PBS2
phage production in strain SB19 was insensitive
to bleomycin.
The endonuclease(s) presumed to be respon-

sible for the phleomycin-induced degradation of
intracellular DNA has not been identified. It is
likely that PBS2 DNA is being degraded by the
same nuclease system present in uninfected
phleomycin-treated B. subtilis; Reiter et al. (27)
suggest that this system is energy dependent,
inactivated on protoplast preparation, and in-
sensitive to simultaneous addition of chloram-
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FIG. 6. SDS-polyacrylamide slab gel electrophoresis of proteins synthesized in uninfected and PBS2-
infected cells. Uninfected cells were grown to A66, = 1.0 and incubated with "IC-labeled amino acids for 10 min
either immediately (slot B) or 30 min after treatment with 100 gg of rifampin per ml (slot A). Other cells were

treated with the same level of rifampin for 5 min and then infected with PBS2 phage at a multiplicity of 10,
either alone (slot C) or in the presence of 25 jIg of phleomycin per ml (slot E); infected cells were incubated for
25 min, followed by the addition of "IC-labeled amino acids for another 10 min. For comparison, "IC-labeled
proteins found in CsCI gradient-purified PBS2 phage are shown (slot D). See text for a description of sample,
gel, and autoradiogram preparation. The origin of the stacking gel, the percentage of acrylamide in each gel
layer, the position of the bovine serum albumin (BSA) and ovalbumin (Oval) standards, and the bromophenol
blue dye front are indicated.

phenicol and rifampin. In E. coli, this system
appears to be the same one involved in Col
E,-induced DNA degradation, and it is some-
how turned off after T4 phage infection (5).
Although the syntheses of PBS2 enzymes,

DNA, and progeny phage all begin at approxi-
mately the same time (10 to 15 min after
infection) and continue until cell lysis (21, 22,
23, 24, 25, 26, 28; Fig. 2, 3, and 4), we find that
phleomycin seems to differentiate between cer-
tain PBS2-induced proteins. Phleomycin had

no effect throughout infection on the level of
PBS2 enzymes of deoxyribonucleotide metabo-
lism (Fig. 2). However, during the same period,
total protein synthesis is being progressively
reduced (Table 2) and virion protein synthesis
late in infection is essentially eliminated (Fig.
6). One possible explanation is that mRNAs for
PBS2 enzymes are actually transcribed very
early in infection but not translated (or the
enzymes somehow not activated) until late in
infection, when mRNA and protein synthesis
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for virions is occurring. Another possibility is
that the mRNAs for enzymes are shorter, or

that they are transcribed off of smaller operons
or phleomycin-insensitive regions of the DNA
(Fig. 5), different from the genetic regions
coding for virion proteins. Alternatively, mRNA
for enzyme synthesis may occur off of a limited
number of templates, so destruction of a major
fraction of the input DNA may not affect the
number of available templates. It will be of
interest, by using other drugs and mutants, to
determine whether PBS2 phage DNA synthesis
is a necessary prerequisite for late virion protein
synthesis as in E. coli phage T4 (15).
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