JOURNAL OF VIROLOGY, Mar. 1986, p. 875-882
0022-538X/86/030875-08$02.00/0
Copyright © 1986, American Society for Microbiology

Vol. 57, No. 3

Involvement of Host DNA Gyrase in Growth of Bacteriophage T35

ANDREAS CONSTANTINOU,'t KAREN VOELKEL-MEIMAN,?t ROLF STERNGLANZ,> MAUREEN M.
McCORQUODALE,? anD D. JAMES MCCORQUODALEl*

Department of Biochemistry' and Departments of Pediatrics and Physiology,®> Medical College of Ohio, Toledo, Ohio

43699, and Department of Biochemistry, State University of New York, Stony Brook, New York 11794?
Received 25 July 1985/Accepted 2 December 1985

Bacteriophage T5 did not grow at the nonpermissive temperature of 42°C in Escherichia coli carrying a
temperature-sensitive mutation in gyrB [gyrB(Ts)], but it did grow in gyrA(Ts) mutants at 42°C. These findings
indicate that the A subunit of host DNA gyrase is unnecessary, whereas the B subunit is necessary for growth
of TS. The necessity for the B subunit was confirmed by a strong inhibition of T5 growth by novobiocin and
coumermycin A;, which interfere specifically with the function of the B subunit of host DNA gyrase. However,
TS growth was also strongly inhibited by nalidixic acid, which interferes specifically with the function of the A
subunit. This inhibition was due to the interaction of nalidixic acid with the A subunit and not just to its binding
to DNA, because appropriate mutations in the gyrA gene of the host conferred nalidixic acid resistance to the
host and resistance to TS growth in such a host. The inhibition by nalidixic acid was also not due to a cell poison
formed between nalidixic acid and the A subunit (K. N. Kreuzer and N. R. Cozzarelli, J. Bacteriol.
140:424-435, 1979) because nalidixic acid inhibited growth of T5 in a gyrA(Ts) mutant (KNK453) at 42°C. We
suggest that TS grows in KNK453 at 42°C because its gyrA(Ts) mutation is leaky for TS. Inhibition of TS growth
due to inactivation of host DNA gyrase was caused mainly by inhibition of TS DNA replication. In addition,

however, late TS genes were barely expressed when host DNA gyrase was inactivated.

DNA gyrase of Escherichia coli is a tetrameric protein
consisting of two A subunits and two B subunits. It catalyzes
the ATP-dependent conversion of relaxed or positively
supertwisted DNA into negatively supertwisted DNA and is
essential for DNA replication in E. coli (10, 12, 16). It is
additionally involved in the regulation of transcription of
some genes, since some promoters function with different
efficiencies when they are supertwisted (8, 16, 22).

The role that host DNA gyrase plays in the growth and
development of bacteriophages varies from case to case. It is
not essential for bacteriophage T4 since this phage directs
the synthesis of its own topoisomerase (19, 25), which is
assembled from the polypeptides coded by genes 39, 52, and
60. However, inhibition of host gyrase reduces T4 DNA
synthesis to some extent (3, 16), and mutants defective in
genes 39, 52, or 60 are totally dependent upon the host
gyrase (20). Bacteriophage T7 requires the B subunit of host
DNA gyrase, but its requirement for the A subunit is
controversial (3, 7, 15, 16, 24). Bacteriophages $X174 and
N4 have absolute requirements for host gyrase (9, 16), and
growth of A, ¢R, and TS5 is strongly inhibited by nalidixic
acid (3). Bacteriophages SP82, SP50, and ¢29, which use
Bacillus subtilis as a host, are all relatively unaffected by
nalidixic acid (3). However, SPO1, another B. subtilis
bacteriophage, is inhibited by nalidixic acid at high concen-
trations and by novobiocin at low concentrations. It requires
the B subunit of host DNA gyrase but modifies or replaces
the A subunit with one that is still sensitive to nalidixic acid
(2). Thus, inhibition of phage growth by nalidixic acid does
not necessarily mean a requirement for the host A subunit.

In this paper, we report the role that host DNA gyrase
plays in the growth of bacteriophage T5. We show that
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replication of TS DNA and normal expression of some TS5
genes require the host B subunit and probably also the host
A subunit. Since inhibitors that interact WIH‘) either the A
subunit (e.g., nalidixic acid) or the B ‘spybunit (e.g.,

novobiocin) strongly inhibit replication of T§ DNA and
production of mature TS particles, and whereas thermal
inactivation of the A subunit is not so definitive but thermal
inactivation of the B-subunit is, we offer an interpretation of
these inhibitory effects that is compatible with the B subunit
being necessary and the A subunit possibly being necessary
for TS growth and development. We favor the interpretation
that both the A and B subunits are necessary.

MATERIALS AND METHODS

Bacterial and phage strains. The bacterial strains used in
this study, together with their properties and sources, are
listed in Table 1. Bacteriophage T5* was from the stock
collection of D.J.M.

Burst sizes in temperature-sensitive strains. E. coli strains
KNK453, N4178, N99, HF4704, LE234, and LE316 were
grown at 30°C to 2 X 108 cells per ml in Luria-Bertani broth
containing 1 mM CaCl,, harvested by centrifugation, and
suspended in T5 adsorption buffer (0.05 M NaCl, 0.01 M Tris
hydrochloride [pH 7.5], 0.001 M CaCl,) at 5 x 10° cells per
ml. The concentrated cell suspension was divided into two
equal volumes. One volume was incubated for 30 min at 30°C
before infection with TS at a ratio of 0.5 phage per bacterial
cell, whereas the other volume was incubated for 30 min at
42°C before infection in the same manner. Phage were
allowed to adsorb for 15 min, and the phage-bacterium
complexes were diluted into fresh Luria-Bertani broth plus 1
mM CaCl, equilibrated to the desired temperatures of 30 and

42°C, respectively. Aeration was begun, and samples were
taken throughout the growth cycle to determine PFU. Burst
sizes were calculated by dividing the concentration of PFU
(progeny phage) at the end of lysis by the concentration of
PFU (infected cells) before lysis started.
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TABLE 1. Strains of E. coli

Strain Relevant genotype Source (reference)
F F~ TS McCorquodale (21)
K-12 HF4704 F~ polA thyA uvrA phx gyrA* (parent of KNK453) Kreuzer and Cozzarelli (16)
K-12 KNK453 F~ polA thyA uvrA phx gyrA43(Ts) Kreuzer and Cozzarelli (16)
K-12 N4156 F~ polA end thy gyrA Nal* Sternglanz (5)
K-12 N99 F~ galK2 recB rpsL gyrB* Bgl™ (parent of N4178) National Institutes of Health
K-12 N4178 F~ galK2 recB rpsL gyrB203(Ts) gyrB221 Cou’ Bgl* Gellert (11)
K-12 LE234 F~ ilv argH metB rpsL tna thi xyl gyrB* (parent of LE316) E. Orr
K-12 LE316 F~ ilv argH metB rpsL tna thi xyl gyrB(Ts) (selected as chlorobiocin resistant) E. Orr

When nalidixic acid was present during determinations of
average burst size in these temperature-sensitive strains, it
was added at zero time (final concentration, 10 wg/ml), which
was defined as the time at which the phage-bacterium
complexes were diluted into phage growth medium. Strain
N4156 (Nal") was used in the same manner as were the
temperature-sensitive strains except that burst sizes were
determined at 37°C.

Rates of DNA synthesis in temperature-sensitive strains.
Cells were grown, harvested, infected, and diluted for phage
growth as described above except that the growth medium
for cells and phage was M-9 supplemented with 0.5 mM
CaCl, 10 pg each of 18 amino acids (4) per ml, and 40 pg of
freshly prepared cysteine per ml; suspension was in M-9
adsorption buffer (4), and the input ratio was 10 to 15 phage
per bacterial cell. Samples of bacteria were taken before the
addition of phage to determine the concentration of input
bacteria. The concentrations of uninfected cells and free
phage were determined at 10 min after infection. The con-
centration of uninfected cells was 5% or slightly less when
K-12 strains were used. Rates of DNA synthesis in the
infected cultures at 30 and 42°C were determined by mea-
suring the amount of [methyl-*H]thymidine incorporated
into DNA during a 2-min labeling period. Samples (1 ml)
were removed from each infected culture at specified times
after infection and added to tubes equilibrated at 30 and
42°C, respectively, containing 3.3 wCi of [methyl-*Hlthy-
midine (60 Ci/mol), 20 pg of 2’-deoxyadenosine, and 4 pg of
uracil all in a total volume of 0.2 ml of growth medium. After
a 2-min labeling period with aeration and at the respective
temperature, 1 ml of ice-cold 10% trichloroacetic acid (TCA)
was mixed into the contents of the tube. The samples were
chilled for 10 min, and the precipitates were collected on
nitrocellulose filters (no. BA8S; diameter, 25 mm; pore size,
0.45 wm; Schleicher & Schuell, Inc.). The precipitates on the
filters were washed four times with 3 ml of 5% TCA and once
with 1% TCA. After drying, the radioactivity on the filters
was counted in Scinti-Verse universal cocktail in a liquid
scintillation counter.

Dose-response curves. The response of TS5-infected cells to
various concentrations of inhibitors was measured by aver-
age burst sizes, which were determined from one-step
growth curves. E. coli F was grown to 2 x 108 cells per ml in
nutrient broth (1), harvested by centrifugation, and sus-
pended in TS adsorption buffer at 5 X 10° cells per ml. The
adsorption buffer contained, when desired, nalidixic acid,
novobiocin, or other inhibitors. Stock solutions of novo-
biocin were prepared in sterile distilled H,O, whereas stock
solutions of nalidixic acid were prepared in 0.01 N NaOH.
Control cultures were treated with the same volume of H,O
or 0.01 N NaOH that was used to add the inhibitors to
experimental cultures. The concentrated cells were infected
with TS™ at a ratio of five phage per bacterial cell. The phage

were allowed to adsorb for 5 min at 37°C, the phage-
bacterium complexes were diluted 25-fold (to 2 X 108 in-
fected cells per ml) into nutrient broth at 37°C containing 1
mM CaCl, and, when desired, inhibitors at predetermined
concentrations, and aeration was begun. The concentration
of uninfected cells was always less than 1% under these
conditions. Burst sizes were calculated as described for the
temperature-sensitive strains.

Rates of DNA and RNA synthesis in the presence of inhib-
itors. E. coli F was grown at 37°C to 2.0 x 10°® cells per ml in
M-9 medium supplemented with 10 ug each of 18 amino
acids (4) per ml and 0.5 mM CaCl,, harvested by centrifu-
gation, and suspended at 0°C in M-9 adsorption buffer at 4 X
10° cells per ml. The M-9 adsorption buffer contained
nalidixic acid or novobiocin at the desired concentrations.
The concentrated cells were infected with T5* at a ratio of
five phage per bacterial cells. Phage were allowed to adsorb
for S min at 37°C; the ghage-bacterium complexes were
diluted 10-fold (to 4 x 10° cells per ml) into M-9 medium at
37°C supplemented with 18 amino acids, 0.5 mM CaCl,, and
nalidixic acid or novobiocin at the desired concentration;
and aeration was begun. Rates of DNA synthesis were
estimated by measuring the amount of [methyl->H]thymidine
incorporated into DNA during a 2-min labeling period as
described for the temperature-sensitive strains.

Rates of RNA synthesis were similarly estimated by
measuring the amount of [S-*H]uridine incorporated into
RNA during a 2-min labeling period. Samples (0.8 ml) were
removed from the culture of infected bacteria at specified
times after infection and added to tubes containing 3.3 uCi of
[5-*H]uridine (28 Ci/mmol) and nalidixic acid or novobiocin
at the same concentration as in the original culture in a
volume of 0.2 ml of growth medium. The 2-min labeling
period was at 37°C and was terminated by the addition of 1
ml of ice-cold 10% TCA. The precipitated RNA was col-
lected, washed on nitrocellulose filters, and counted as
described for DNA.

Cumulative incorporation of %C-amino acids into protein.
E. coli F was grown, harvested, suspended, and infected as
described for experiments to determine rates of DNA and
RNA synthesis. After infection, the phage-bacterium com-
plexes were diluted to 2 x 108/ml into M-9 medium at 37°C
supplemented with 5 pg each of 18 amino acids per ml, 0.5
mM CaCl,, and 0.3 pCi of a mixture of L-U-*C-amino acids
(specific activity, 1.78 mCi/mg) per ml. At specified times
after this dilution, which was designated zero time for the
infection, 1-ml volumes were removed and added to 4.5 ml of
6.25% TCA. The resulting suspensions were heated at 90°C
for 15 min, and the precipitates were collected and washed
on nitrocellulose filters (no. BA8S; diameter, 25 mm; pore
size, 0.45 um; Schleicher & Schuell, Inc.). Four washes with
5% TCA and one with 1% TCA were used. Counting was
done as described for labeled DNA and RNA.
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TABLE 2. Average burst sizes of bacteriophages in gyrA and gyrB hosts
Burst sizes [(PFU concn after lysis)/(PFU concn before lysis)] for growth conditions
Strain [n;‘;:::g 30°C _ 42°C _ 37°C __
HF4704 (gyrA™) TS 596 <1 468 6 ND“ ND
$X174 532 ND 405 ND ND ND
KNK453 [gyrA(Ts)] TS 636 <1 304 <1 ND ND
DX174 678 ND <1 ND ND ND
N99 (gyrB*) TS 200 ND 93 ND ND ND
N4178 [gyrB(Ts)] TS 215 ND <1 ND ND ND
LE234 (gyrB™) TS 143 ND 161 ND ND ND
LE316 [gyrB(Ts)] TS 235 ND <1 ND ND ND
N4156 (Nal") TS ND ND ND ND 220 114

4 ND, Not done.

Preparation of radioactively labeled extracts for polyacryl-
amide gel electrophoresis. The temperature-sensitive strains
KNK453 and N4178 were grown at 30°C in M-9 supple-
mented with 0.5 mM CaCl, and 17 amino acids (L-leucine
was omitted) to 2 x 108 cells per ml. For experiments at
30°C, the concentrated cells were infected at 30°C with TS at
a ratio of 15 phage per bacterial cell. For experiments at
42°C, the concentrated cells were incubated for 60 min at
42°C and then infected at 42°C with T5 at the same phage-
to-bacterium ratio as for the culture at 30°C. For both
experiments, the phage were allowed to adsorb for 10 min,
and the phage-bacterium complexes were diluted into 24
volumes of M-9 medium that was supplemented with 0.5 mM
CaCl, and 17 amino acids; the medium had been previously
adjusted to the temperature used in the experiment. Aeration
was begun at the time of this dilution (zero time).

At specific times after infection, a 5-ml sample was with-
drawn from the liquid culture, quickly mixed with 0.2 ml of
a solution containing 1 pCi of L-[U-*Clleucine (specific
activity, 270 to 300 mCi/mmol) in a test tube, and aerated for
5 min at the temperature of the experiment. At the end of
each labeling period, the radioactive samples were cooled
quickly over ice to 0°C and centrifuged at 12,000 x g for 15
min at 0 to 4°C. The pellets were suspended in 0.5 ml of
sample preparation buffer (0.05 M Tris hydrochloride [pH
6.8], 1% sodium dodecyl sulfate [SDS], 1% 2-mercaptoeth-
anol, 10% glycerol, 0.003% bromophenol blue), and solubil-
ized by heating for 2 min at 100°C.

Polyacrylamide gel electrophoresis was performed by the
method of Laemmli (18). Stacking gels contained 5%
acrylamide, 0.064% bisacrylamide, 0.1% SDS, and 0.63 M
Tris hydrochloride (pH 6.8). Running gels contained 15%
acrylamide, 0.4% bisacrylamide, 0.1% SDS, and 0.63 M Tris
hydrochloride (pH 6.8). Polymerization of acrylamide solu-
tions was catalyzed by 0.05% N,N,N’',N’-tetramethyl-
ethylenediamine plus 0.1% ammonium persulfate for the
stacking gels and 0.03% N,N,N’,N’-tetramethylethyl-
enediamine plus 0.03% ammonium persulfate for the running
gels. Electrode buffer contained 0.050 M Tris hydrochloride,
0.383 M glycine, and 0.1% SDS, at pH 8.3. Electrophoresis
was performed at 4°C with a constant current of 17 mA
for 4 to 5 h. After electrophoresis, the gels were fixed in 10%
TCA for 30 min, stained in Coomassie brilliant blue R250

(no. 14013; 0.123% Coomassie brilliant blue in 7.5% glacial
acetic acid-50% methanol; Eastman Chemical Products,
Inc.) for 2 h, destained in 7.5% acetic acid, and dried on
Whatman 3MM filter paper for autoradiography. Autoradi-
ography was performed with Kodak DF-85 dental X-ray
film.

RESULTS

When T5* infected a gyrB(Ts) mutant, a productive infec-
tion ensued at 30°C but not at 42°C (Table 2). When T5*
infected a gyrA(Ts) mutant, however, a productive infection
ensued at both the permissive (30°C) and the nonpermissive
(42°C) temperatures (Table 2). To confirm that the gyrA(Ts)
mutant used (KNK453) was indeed temperature sensitive,
we showed that $X174 would not grow in it at 42°C (Table
2). These combined data suggest that the A subunit is
unnecessary but the B subunit is necessary for a productive
TS infection.

The apparently nonessential role that the A subunit plays
in a TS infection was further illustrated by the abundant
synthesis of TS DNA when the A subunit was thermally
denatured in a gyrA(Ts) mutant (Fig. 1). In contrast, TS
DNA synthesis in a gyrB(Ts) mutant was severely inhibited
at 42°C (Fig. 2).

In contrast to the experiments with temperature-sensitive
mutants, experiments with inhibitors of DNA gyrase indi-
cated that both the A and B subunits of host DNA gyrase
were necessary for TS growth. Burst sizes in the presence of
nalidixic acid, an inhibitor that interacts with the A subunit,
were 50% of normal at 0.3 pg/ml and only 1% of normal at 1
pg/ml (Fig. 3). Similar results were obtained with oxolinic
acid (data not shown). These findings imply that the A
subunit is necessary for a productive TS infection. Burst
sizes in the presence of novobiocin, an inhibitor that inter-
acts with the B subunit, were 50% of normal at 0.3 png/ml and
only 1% of normal at 1 pg/ml (Fig. 3). Coumermycin A, gave
similar results (data not shown). These findings are in
agreement with the results from the gyrB(Ts) mutants that
indicate the B subunit is necessary for a productive T35
infection but not with the results from the gyrA(Ts) mutants.
The inhibition of TS5 growth with nalidixic acid that we
observed was due to an interference with host DNA gyrase
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FIG. 1. Incorporation of [*Hlthymidine into DNA by strain
KNK453 [gyrA(Ts)] after infection with bacteriophage TS at 30°C
(O) and at 42°C (@).

and not due just to the direct binding of nalidixic acid to TS
DNA (23), because nalidixic acid-resistant host mutants that
contained a mutation in the gyrA gene allowed growth of TS5
in the presence of nalidixic acid (Table 2).

Kreuzer and Cozzarelli (16) have reported that nalidixic
acid does not inhibit production of T7 in hosts containing a
thermolabile A subunit at a nonpermissive temperature
(42°C) but does inhibit at a permissive temperature (30°C). In
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FIG. 2. Incorporation of [*H]thymidine into DNA by strain
N4178 [gyrB(Ts)] after infection with bacteriophage TS5 at 30°C (O)
and at 42°C (@).
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the case of TS, nalidixic acid inhibited TS5 production at both
permissive and nonpermissive temperatures (Table 2).

The presence of either nalidixic acid or novobiocin re-
duced the synthesis of DNA, RNA, and protein in TS-
infected cells but inhibited DNA synthesis most strongly.
DNA synthesis was virtually abolished in the presence of 10
wg of nalidixic acid per ml (Fig. 4), as was the burst (Table
2). Nalidixic acid at a concentration of two pg/ml severely
inhibited DNA synthesis and greatly lowered the burst size.
Similarly, 1 ug of novobiocin per ml severely inhibited DNA
synthesis and the burst size, and 10 to 20 pg of novobiocin
per ml virtually abolished DNA synthesis (Fig. 5) and a
measurable burst. Hence, the main effect of these inhibitors
was to interfere with DNA synthesis; novobiocin did so by
interacting with the B subunit of host DNA gyrase, and
nalidixic acid did so by a mechanism that is open to
interpretation and will be discussed later.

Synthesis of TS DNA started about 9 min after infection at
37°C, and the amount of DNA synthesized reflected the time
at which nalidixic acid or novobiocin was added. For exam-
ple, when nalidixic acid was added at any time before TS
DNA synthesis started, the burst size was only about 3 to 5%
of normal. When it was added after T5 DNA synthesis
commenced, the burst size increased as more time for DNA
synthesis was allowed before the inhibitor was added (Fig.
6).

RNA and protein synthesis were reduced in the presence
of either novobiocin or nalidixic acid, but to a much lesser
degree than was DNA synthesis. In the presence of 20 pg of
novobiocin per ml, RNA synthesis was inhibited only about
50% at early times and about 30% at late times (Fig. 7).
Severe inhibition of RNA synthesis was attained only at
novobiocin concentrations of 100 pg/ml or more. Similar
results were obtained with nalidixic acid.

Protein synthesis was also inhibited to a much lesser
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FIG. 3. Dose-response curves for development of bacteriophage
TS in E. coli F in the presence of nalidixic acid (O) or novobiocin
(A). The inhibitors were added at the indicated concentrations 5 min
before infection.
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degree than was DNA synthesis in the presence of either
novobiocin or nalidixic acid (Fig. 8). In the presence of 10 pg
of nalidixic acid per ml, protein synthesis was inhibited only
about 40% from 10 to 60 min after infection, and 100 pg of
nalidixic acid per ml was required to inhibit the rate of
protein synthesis by about 75%. During the first 5 to 7 min
after infection, protein synthesis was inhibited even less than
at later times, since 10 pg of nalidixic acid per ml caused
only 18% inhibition and 100 pg/ml caused only 54% inhibi-
tion. We view this inhibition of protein synthesis as an
indirect effect of the action of these inhibitors on the process
of transcription.

Measurement of the degree of inhibition of total RNA and
protein synthesis did not reveal the degree of inhibition of
individual RNA and protein species. As already mentioned,
the activity of some promoters may be sensitive to the
degree of torsional stress that they possess. We, therefore,
examined the synthesis of individual proteins by the method
of pulse-labeling followed by autoradiography of the labeled
proteins after separation in SDS gels. Some late proteins
were not synthesized in a gyrB(Ts) mutant at 42°C but were
synthesized in a gyrA(Ts) mutant at 42°C (Fig. 9).

The autoradiographic analyses of TS protein synthesis also
demonstrated that host DNA gyrase was not involved in
transfer of TS DNA into host cells since early proteins were
synthesized when either the A or B subunit was thermally
inactivated before infection.
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FIG. 4. Rates of incorporation of [*H]thymidine into DNA in E.
coli F at increasing times after infection with bacteriophage TS in the
absence (O) or presence of nalidixic acid at 1 ug/ml (@), 2 pg/ml (O),
or 10 pg/ml (M). Each point represents the amount of [*H]thymidine
incorporated into DNA during a 2-min incubation starting at the
times after infection indicated along the abscissa.
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FIG. 5. Rates of incorporation of [*H]thymidine into DNA in E.
coli F at increasing times after infection with bacteriophage TS5 in the
absence (O) or presence of novobiocin at 1 pg/ml (A) or 20 pg/ml
(O). Each point represents the amount of [*H]thymidine incorpo-
rated into DNA during a 2-min incubation starting at the time after
infection indicated along the abscissa.

DISCUSSION

The results presented in this paper show that growth of
bacteriophage TS in E. coli required the B subunit and
possibly also the A subunit of host DNA gyrase. The
requirement for the B subunit was demonstrated by using
gyrB(Ts) mutants, which did not support growth of TS at the
nonpermissive temperature of 42°C, and by using inhibitors
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FIG. 6. Effect of time of addition of nalidixic acid on burst size of
bacteriophage T3 in E. coli F. Nalidixic acid was added 11 or 5 min
before infection (— values) or 5, 20, or 35 min after infection (+
values).



880 CONSTANTINOU ET AL.

200 O
\o
180 - \
: o
160 \
o\
140F 9°° °
\o—o
\o
= 1201 \
& o
x
ua" 00 \
1 » A
[y —&
& xo st \
8 © \ K AA/
T 801 o
8 ¢
Z
60
{
40 D\
] 0 o /D
O:
\D\L_ /D/
20 [n] o
0 1 1 1 1 1 1

0 10 20 30 40 50 60

TIME AFTER INFECTION (min)

FIG. 7. Rates of incorporation of [5-*H]uridine into RNA in E.
coli F at increasing times after infection with bacteriophage TS in the
absence (O) or presence of novobiocin at 20 pg/ml (A) or 100 pg/ml
(0). Each point represents the amount of [5-*H]uridine incorporated
into RNA during a 2-min incubation starting at the time after
infection indicated along the abscissa.

such as novobiocin and coumermycin A;, which blocked the
growth of T5 by interacting specifically with and inactivating
the B subunit.

TS did grow in gyrA(Ts) mutants at the nonpermissive
temperature of 42°C, a finding that appears to demonstrate
the nonessential nature of the A subunit of host DNA gyrase
for TS growth, although the A subunit is essential for growth
of the uninfected host cells. However, inhibitors such as
nalidixic acid and oxolinic acid, which interact specifically
with the A subunit to inhibit its normal function, blocked the
growth of TS.

These apparently contradictory results can be reconciled
in at least two ways. First, we may assume that the gyrA(Ts)
strain [KNK453 (gyrA43)] is leaky (24) and that, although
thermal denaturation of the A subunit of its DNA gyrase at
42°C did not leave sufficient functional DNA gyrase for
growth of the uninfected host or of bacteriophage $X174, it
did leave enough for growth of TS5. If such is the case,
addition of nalidixic acid at the nonpermissive temperature
of 42°C should eliminate the growth of TS, which is what we
observed.

A second model that might appear to reconcile the results

J. VIROL.

is to assume that the A subunit of host DNA gyrase is not
necessary for growth of TS5 and that the inhibition of TS
growth by nalidixic acid is due to the cell poison proposed by
Kreuzer and Cozzarelli (16). These authors proposed that a
complex, which forms between the A subunit and nalidixic
acid, is held tightly to DNA, causes lesions in the DNA, and
thereby renders the DNA incapable of functioning normally.
Thus, inhibition of phage growth by nalidixic acid results
even though the A subunit is unnecessary. In the case of a
thermolabile A subunit from a gyrA(Ts) host, no inhibition
would be observed at 42°C because nalidixic acid cannot
interact with a thermally denatured A subunit to form such a
cell poison. However, since growth of T5 was inhibited by
nalidixic acid at 42°C, when the gyrA43 subunit was ther-
mally inactivated (Table 2), this model does not explain the
present results. Indeed, the results presented here indicate
that, if the cell poison proposed by Kreuzer and Cozzarelli
exists, it appears not to act on all systems. Furthermore, this
second model requires a substitute for the A subunit of
the host because the B subunit by itself has no known
function (14). A possible candidate would be a TS-coded
subunit; however, such a subunit would have to be normally
sensitive to nalidixic acid but become insensitive when
mutations in the host gyrA gene that confer resistance to
nalidixic acid on the host are present. This seems an unlikely
circumstance.

An alternative explanation for the sensitivity of TS growth
to nalidixic acid in gyrA(Ts) hosts at 42°C is that TS induces
a modification of the host A subunit such that it is no longer
temperature sensitive. Such an explanation would require
the thermally inactivated A subunit to be reactivated by this
putative modification, because our experimental procedure
was to infect after the A subunit had been thermally inacti-
vated for as long as 1 h. Although one could consider that a
modification of a native protein might increase its thermal
stability, it seems less likely that a thermally denatured
protein could act as a substrate for such a modification and
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DNA gyrase.

then become renatured. However, we do not discard this
possibility entirely.

We favor the first model because it requires fewer assump-
tions and is in general agreement with the report (24) that
bacteriophage T7 can also grow at 42°C in the same gyrA(Ts)
host [KNK453 (gyrA43)] that we have used. The authors of
this report also suggest that KNK453 (gyrA43) is leaky at
42°C. If the first model is correct, then we suggest that
temperature-sensitive experiments with KNK453 (gyrA43)
be interpreted with the knowledge that TS and T7 will grow
in it at 42°C, whereas ¢$X174 and the strain itself will not.
Different bacteriophages appear to require different amounts
of host DNA gyrase, with N4, $X174, and probably A
requiring high levels, TS and T7 being able to grow with
lower levels, and T4 being able to generate a moderate burst
without any host DNA gyrase. Obviously, the growth of
other phages in the temperature-sensitive host, KNK453
(gyrA43), at 42°C will have to be examined on an individual
basis.

A major effect of interference with the function of DNA
gyrase in TS5-infected cells is the inhibition of TS DNA
synthesis. However, we have also observed that expression
of some late genes is strongly affected when DNA gyrase
activity is inhibited. The inhibition of late gene expression by
inhibitors of DNA replication is apparently not a conse-
quence of a coupling between late transcription and DNA

replication, because late genes are expressed in the absence
of TS DNA replication (13). The involvement of DNA gyrase
with expression of late T5 genes may be due to a requirement
for torsional stress for transcriptional initiation of these
genes. Changes in the degree of DNA supercoiling are
known to affect the function of many E. coli promoters (for
a recent review, see reference 8). Torsional stress due to
underwinding might have a greater effect on the rate of
transcriptional initiation from promoters that are GC rich
compared with those that are AT rich. The finding that the
base composition of a late TS promoter is relatively GC rich
(56% GC) (17), whereas early TS promoters, which function
well in the presence of nalidixic acid, are AT rich (75 to 80%
AT) (6), would be consistent with this interpretation. This
requirement for torsional stress in the portion of TS DNA
used for late TS transcription seems as important for efficient
expression of late TS5 genes as is the requirement for the
noncovalent modification of the host RNA polymerase by
the product of early gene C2, presumably to use late TS
promoters efficiently (21).
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