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A rifampin-resistant mutant of Escherichia coli F with an altered ribonucleic acid
(RNA) polymerase was isolated and was shown to support the growth of phage
T5 in the presence of rifampin. In contrast, wild-type, rifampin-sensitive cells of
E. coli F did not support the growth of T5 in the presence of rifampin. We concluded,
therefore, that no phage-specific RNA polymerase is essential to the development
of phage T5. Rather, the host RNA polymerase, or at least that portion of the host
RNA polymerase that is responsible for rifampin sensitivity, is required for the
transcription of all essential regions of the T5 deoxyribonucleic acid. These con-
clusions are supported by in vitro measurements of the rifampin sensitivity of the
RNA polymerase activities extracted from infected and uninfected cells. The rifam-
pin sensitivity of the RNA polymerase activity extracted from uninfected cells was
similar to the rifampin sensitivity of the RNA polymerase activity extracted 30 min
after infection.

After complete transfer of the T5 genome into
host cells, three classes of phage-specific ribo-
nucleic acid (RNA) are sequentially induced (25).
The synthesis of pre-early (class I) RNA is fol-
lowed in sequence by the synthesis of early (class
II) and then late (class III) RNA. The rate of
synthesis of each class of RNA in rifampin-
sensitive bacteria infected with phage T5, as well
as the rate of RNA synthesis in uninfected
rifampin-sensitive bacteria, has been shown to be
completely inhibited by rifampin (26). Since
rifampin acts directly on the deoxyribonucleic
acid (DNA)-dependent RNA polymerase of
Escherichia coli (6), these results suggest that the
host RNA polymerase, or at least that portion of
the host RNA polymerase that is sensitive to
rifampin, is required for the transcription of pre-
early, early, and late genes. However, these
results do not preclude the possibility that an
RNA polymerase which is sensitive to rifampin
is induced by phage T5 and is required for the
transcription of a certain region(s) of the T5
DNA. Experiments presented in this report sup-
port the conclusion that the de novo synthesis of
a phage-specific RNA polymerase is not a re-
quirement for the transcription of essential
regions of the T5 genome.

MATERIALS AND METHODS

Bacteria and bacteriophage. Wild-type T5 was
grown in E. coli F, a fast-adsorbing host for T5,

I Present address: Department of Microbiology, University of
Michigan Medical School, Ann Arbor, Mich. 48104.

and was purified by differential centrifugation. E. coli
F and a strain of E. coli F resistant to rifampin were
used for these experiments.
The rifampin-resistant mutant was isolated with-

out mutagenesis as described by Haselkorn et al. (7)
after ethylenediaminetetraacetic acid (EDTA) treat-
ment as described by Leive (11). Essentially, this
consisted of treating a culture of E. coli F with
EDTA just before plating, via the overlay method
as described by Adams (1), on soft agar containing
400,ug of rifampin per ml. About 1 cell in 10o formed
a colony under these conditions. One such colony
was picked and grown to log phase in nutrient broth
containing 400 ug of rifampin per ml; the selection
procedure, but not the EDTA treatment, was re-
peated. A single colony was picked and used as the
source of rifampin-resistant cells. The growth rate
of the rifampin-resistant mutant in the absence of
rifampin was identical to that of the wild type.
However, in the presence of 400 ,ug of rifampin per
ml, the generation time of the rifampin-resistant
mutant was about 50%0 longer than that of the wild
type grown in the absence of rifampin.

Media. Cells were grown in nutrient broth prepared
according to Adams (1) and adjusted to pH 7.2
with NaOH. Plating and soft agar contained 1.1 and
0.7%y, dehydrated agar (Difco), respectively, in nu-
trient broth. The composition of M-9 adsorption
buffer (basically M-9 medium that lacks utilizable
sources of carbon and nitrogen) has been described
previously (4). All liquid or plating media used for
the adsorption or growth of phage contained 6 X
10-4 M CaCI2.

Preparation of crude extracts. Cells were grown to
4 X 108 per ml, harvested by centrifugation, and
resuspended in either (i) 0.01 M tris(hydroxymethyl)-
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aminomethane (Tris)-hydrochloride buffer (pH 8.0),
containing 0.01 M MgCl2 and 0.0001 M EDTA, at a
concentration of 5 X 1010 per ml or (ii) M-9 adsorp-
tion buffer at a concentration of 5 X 109 per ml.
Cells in M-9 adsorption buffer were then infected at
an input ratio of approximately five phages per cell.
After incubation for 15 min at 37 C for the adsorption
of phage, the phage-bacterium complexes were diluted
10-fold into nutrient broth, and aeration was begun.
After incubation at 37 C for 30 min, the infected cells
were poured into a centrifuge bottle containing 0.5 g
of cracked ice per ml of culture, harvested, and re-
suspended in 0.01 M Tris-hydrochloride buffer (pH
8.0), containing 0.01 M MgCl2 and 0.0001 M EDTA,
at a concentration of 5 X 1010 per ml. Infected and
uninfected cells were then sonically treated. Residual
whole cells and cell debris were removed by centrifu-
gation at 5,860 X g for 10 min, and ribosomes were
removed from the resulting supernatant fluid by
centrifugation at 109,000 X g for 1 hr. All steps in
the preparation of the crude extracts were carried
out at 4 C. Protein concentrations were determined
by the method of Lowry et al. (13).

Assay for RNA polymerase. RNA polymerase ac-
tivity was assayed by a slight modification of the
method of Chamberlin and Berg (5). The reaction
mixture (final volume, 0.125 ml), with calf thymus
DNA as exogenous template, centained 5 ,umoles
of Tris-hydrochloride buffer (pH 8.0), 0.5 ,umole of
MgCl2, 50 nmoles each of adenosine, guanosine, and
uridine triphosphate (ATP, GTP, and UTP), 5
nmoles and 120,000 counts/min of '4C-cytidine tri-
phosphate (CTP), 1.5 ,umoles of 2-mercaptoethanol,
40 nmoles of calf thymus DNA, and 55 to 234 jig of
protein. The reaction was initiated by the addition of
nucleoside triphosphates, and samples were incubated
for 4 min at 30 C. For the measurement of the syn-
thesis of poly r(A-U), the reaction mixture was as
above except that: poly d(A-T) was substituted for
calf thymus DNA; GTP and UTP were omitted;
'4C-UTP replaced '4C-CTP; the reaction was initiated
by the addition of a mixture of poly d(A-T) and
nucleoside triphosphates; incubation was for 10 min;
and the reaction mixture contained 35 to 39 ug of
protein. Acid insoluble-radioactivity was determined
by the method of Mans and Novelli (16).

Determination of the effect of the time of rifampin
addition. Cells were grown to 2 X 101 per ml, har-
vested by centrifugation, resuspended in M-9 ad-
sorption buffer at a concentration of 5 X l09 per ml,
and infected with an equal volume of phage at an
input ratio of 0.1 phage per cell. After incubation for
15 min at 37 C for the adsorption of phage, the in-
fected culture was diluted 1 05-fold into nutrient
broth and aeration was begun. After incubation at
37 C for the time indicated in Table 3, rifampin was
added to a final concentration of 400 pg per ml, and
aeration was continued so that the total time of in-
cubation after dilution was 30 min. At this time, a
0.1-ml sample was removed and plated via the over-
lay method (1) with two drops of an overnight culture
of rifampin-resistant E. coli F as indicator bacteria.
For plating, the soft agar contained rifampin at a
concentration of 400 pg per ml except when rifampin-

sensitive cells were infected and incubated without
rifampin as a control.

One-step growth experiments. One-step growth ex-
periments were performed essentially according to
Adams (1). Cells were grown to 2 X 108 per ml,
harvested by centrifugation, resuspended in M-9
adsorption buffer at a concentration of 5 X 109 per
ml, and infected with phage at an input ratio of 0.1
phage per cell. After incubation for 15 min at 37 C
for the adsorption of phage, the infected culture was
diluted at least 105-fold into nutrient broth at 37 C
(time = 0 min in Fig. 4 and Fig. 5) and aeration was
begun. At various times after dilution, 0.1-ml samples
were withdrawn and plated with two drops of an
overnight culture of indicator bacteria via the overlay
method (1). The indicator bacteria were either the
rifampin-sensitive strain of E. coli F or the rifampin-
resistant strain of E. coli F depending on which bac-
terial strain was used as host for the one-step growth
experiment. For the one-step growth experiment in
the presence of rifampin, adsorption buffer and nu-
trient broth contained rifampin at a concentration of
400 pg per ml. Thus, rifampin was present throughout
the adsorption period as well as throughout the phage
growth cycle.

Determination of the level of unadsorbed and intra-
cellular phage. For the measurement of unadsorbed
and intracellular phage in the presence of rifampin,
the cells were grown to 2 X 100 per ml, harvested by
centrifugation, and resuspended in nutrient broth,
containing 400 pug of rifampin per ml, at a concen-
tration of 5 X l09 per ml. The cells were infected at
37 C (time = 0 min in Fig. 5) at an input ratio of
0.1 phage per cell and aeration was begun. At various
times after infection, 0.1-ml samples were withdrawn
into 0.9 ml of nutrient broth to which seven to eight
drops of chloroform had been added. After vigorous
shaking, the aqueous layer was diluted and plated
via the overlay method (1) with two drops of an
overnight culture of rifampin-sensitive E. coli F as in-
dicator bacteria. Because most of the rifampin parti-
tions with the chloroform, the growth of the indicator
bacteria was not inhibited.

Chemicals. Actinomycin D was a gift from Merck
& Co., Inc., and rifampin [3-(4-methyl-piperazinyl-
iminomethyl) rifamycin SV] was purchased from
Mann Research Laboratories. Tris was purchased
from Sigma Chemical Co.; 2-mercaptoethanol, from
Eastman Organic Chemicals; calf thymus DNA,
from Worthington Biochemical Corp.; and poly
d(A-T), from Miles Laboratories. 14C-CTP and
'4C-UTP were purchased from Schwarz BioResearch,
and unlabeled nucleoside triphosphates were pur-
chased from P-L Biochemicals.

RESULTS
Effect of rifampin on the RNA polymerase ac-

tivity in crude extracts prepared from rifampin-
sensitive and -resistant cells of E. coli F. Extracts
of rifampin-sensitive and rifampin-resistant cells
of E. coli F were assayed for RNA polymerase
activity as described in Materials and Methods.
For extracts prepared from both rifampin-sensi-
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tive and rifampin-resistant cells, the rate of in-
corporation of 14C-CTP or 14C-UTP into acid-
insoluble products was linear with respect to time
and with respect to protein concentration. The
RNA polymerases from rifampin-sensitive and
rifampin-resistant cells were both inhibited by
actinomycin D (Fig. 1). Since actinomycin D
inhibits DNA-directed RNA synthesis by binding
to the DNA template (21), the RNA polymerase
activities, in both extracts, must be DNA-de-
pendent.
To determine whether the ability of the rifam-

pin-resistant cells to grow in the presence of
rifampin is due to an altered RNA polymerase,
rather than an altered permeability to rifampin,
the sensitivity to rifampin of the RNA polymerase
from rifampin-sensitive and rifampin-resistant
cells was measured. With calf thymus DNA as
exogenous template (Fig. 2), the RNA polym-
erase from rifampin-sensitive cells was 80%
inhibited by 12 Ag of rifampin per ml, but the
RNA polymerase from rifampin-resistant cells
was inhibited only slightly (about 9%) by this
concentration of rifampin. In effect, 20% of the
RNA polymerase activity in the extract prepared
from rifampin-sensitive cells, with calf thymus
DNA as exogenous template, was insensitive to
rifampin. This activity was likely due to RNA

0 1.00 10.0 100

ACTINOMYCIN D CONCENTRATION (M) x 106

FIG. 1. Effect of actinomycin D oni the RNA polym-
erase activity, with calf thymus DNA as template, in
crude extracts of rifampin-sensitive (0) and rifampirn-
resistant (0) cells of E. coli F. Experimental details
are given in Materials and Methods. The percentages
of remaining RNA polymerase activity with different
concentrations of actinomycin D were calculated from
the amount of 14C-CTP incorporated as compared with
the controls without actinomycin D. The percenztages of
remaining RNA polymerase activity of the conttrols
without actinomycin D were taken as 100%'. For the
rifampini-sensitive and rifampint-resistant extracts,
these values were 0.29 anid 0.63 uimole of '4C-CTP
incorporated/mg ofprotein, respectively.
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FIG. 2. Effect of rifampin (formerly called rifampi-
cin) on tlhe RNA polymerase activity, with calf thymus
DNA as template, in crude extracts of rifampin-sensi-
tive (a) and rifampin-resistant (0) cells of E. coli F.
The order of addition of reaction components was:
extract, calf thymus DNA, rifampin, nucleoside tri-
phosphates. Additionial experimental details are given
in Materials and Methods. The percentages of remain-
ing RNA polymerase activity with different concentra-
tions of rifampin were calculated from the amount of
'4C-CTP incorporated as compared with the controls
without rifampin. Tlhe percentages of remaining RNA
polymerase activity of the controls without rifampin
were taken as 100%. For the rifampin-sensitive and
rifampin-resistant extracts, these values were 0.30 and
0.58 nmole of '4C-CTP incorporated/mg of protein
respectively.

chain elongation, upon the addition of nucleoside
triphosphates, by endogenous DNA-bound
polymerase that had initiated the synthesis of
RNA chains prior to the addition of rifampin.
Rifampin inhibits only the initiation of RNA
chains and has no effect on RNA chain elonga-
tion (24). In addition, the binding of polymerase
to endogenous as well as calf thymus DNA before
the addition of rifampin will decrease the sensi-
tivity of RNA chain initiation to inhibition by
rifampin. DNA-bound polymerase has been
shown to be less sensitive to rifampin inhibition
than unbound polymerase (2, 12). Indeed, pre-
incubation of the rifampin-sensitive extract with
0.24 Mg of rifampin per ml prior to the addition
of poly d(A-T) as template inhibited 14C-UTP
incorporation by 97%0 (Fig. 3).
To eliminate the possibility that the rifampin-

resistant cells inactivate rifampin, the RNA
polymerase activity in the extract from rifampin-
sensitive cells was measured in the presence of
rifampin and an extract from rifampin-resistant
cells. The data in Table 1 show that the rifampin-
sensitive RNA polymerase retained its sensitivity
to rifampin even in the presence of the extract
from rifampin-resistant cells.
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FIG. 3. Effect of rifampin (formerly called rifampi-
ciii) oii the RNA polymerase activity, wit/i poly d(A-T)
as template, in crude extracts of rifampini-senisitive (0)
and rifampin-resistant (0) cells of E. coli F. The
extracts were preiiicubated with the indticated conicen-
trationz of rifampiiz for 10 miit beJore the addition of
poly d(A-T) and nucleoside triphosphates. Additional
experimental details are given iii Materials ancd Meth-
ods. The perceiitages of remaiiniig RNA polymerase
activity with different concentrationis oJ rifompin were
calculated from the amouiit f '14C-UTP iiicorporated
as compared with the coiitrols withouit rifampini. The
percentages of remaining RNA polymeraise activity of
the coiitrols without rifampin were taikeii as 100%. For
the rifampiti-sensitive and rijfimpiii-resistaiit extracts,
these values were 1.42 and 1.43 timoles of 14C-UTP
incorporated/mg of protein, respective/y.

TABLE 1. Stability of rijcampiii in the presence of
crude extract from rifampini-resistaiit cells of

E. coli F

Extract (mg of protein) from
Rifamp_i__14_C-CTP incor-

Rifgii porated in 4 min
Rifampin- Rifampin- g at 30 C (nmoles)

sensitive cells resistant cells

0.112 - _ 0.056
- 0.055 _ 0.053

0.112 0.055 0.098
0.112 0.055 0.30 0.061

From these results, we conclude that the ob-
served difference insensitivity to rifampin between
the rifampin-sensitive and rifampin-resistant
RNA polymerase is due to an actual structural
difference between the two enzymes. This struc-
tural difference accounts for the ability of rifam-
pin-resistant cells to grow in the presence of
rifampin.

Effect of rifampin on the growth of T5+ in
rifampin-sensitive and -resistant cells of E. coli F.
The latent period and burst size of wild-type T5
were determined in rifampin-resistant cells in the
presence and absence of rifampin (Fig. 4) and in
rifampin-sensitive cells in the absence of rifampin

(Fig. 5) via one-step growth experiments. We
found that the rifampin-sensitive infective centers
could not be measured after exposure to 400 ,ug
of rifampin per ml, apparently because the RNA
polymerase from these cells does not recover
sufficiently from rifampin treatment (even after
106-fold dilution) during the period of logarithmic
growth of the bacterial lawn to allow the forma-
tion of plaques. Therefore, the inhibition of the
growth of T5+ in rifampin-sensitive cells in the
presence of rifampin was demonstrated by meas-
uring the level of unadsorbed and intracellular
phage at 10-min intervals throughout a 90-min
period after phage infection (Fig. 5). The results
of these experiments are summarized in Table 2.
Phage T5 production in the wild-type, rifampin-

sensitive host was completely inhibited by 400 ,g
of rifampin per ml. After 90 min, only 0.01 % of
the infecting phages could be measured in the
aqueous layer after chloroform treatment. In
contrast, phage production in the rifampin-
resistant host was only slightly inhibited by 400 Ag
of rifampin per ml. The minimal latent period of
T5 in rifampin-sensitive and in rifampin-resistant
cells was virtually the same and, in addition,
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FIG. 4. Onie-step growth curves of T5+ in the pres-

ence and absence of rifampiii (formerly called rifampi-
cin) with rifampin-resistant cells of E. coil F as host.
Experimental details are given in Materials and
Methods.
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FIG. 5. One-step growth curve of TS+ in thle absence

of rifampin (formerly called rifampicin) (0) and the

rate ofdisappearance ofunadsorbed T5+ in the presence
of rifampin (0) with rifampin-sensitive cells of E. coli
F as host. Experimental details are given in Materials
and Methods.

TABLE 2. Effect of rifampin on the growth of T5+ in
rifampin-senisitive and rifampin-resistant cells

of E. coli F

-No rifampin Rifampin, 400 Ag/ml

Host bacteria Avg Minimal Avg Minimal
burst laet burst latent
size period siz period

(min) sie (min)

Rifampin-sensi-
tive ............ 120 38 (a -

Rifampin-re-
sistant ...... ... 580 37 400 38

a See text and Fig. 5.

rifampin had no effect on the minimal latent
period of T5 when rifampin-resistant cells were
used as host.

Effect of the time of addition of rifampin during
the T5 latent period. To determine whether the
inhibition by rifampin of the growth of T5 in
rifampin-sensitive cells was due to the inhibition
of the synthesis of a phage-specific RNA polym-
erase, the effect of the time of addition of rifampin
during the T5 latent period was studied. The data
in Table 3 show that the complete inhibition of
the growth of T5 in rifampin-sensitive cells could
be achieved by the addition of rifampin 10 min
after infection. Since the synthesis of pre-early

proteins begins about 1 min after infection and
the synthesis of early proteins begins about 5 min
after infection (14), the inhibition of the growth
of T5 in rifampin-sensitive cells cannot be due to
the inhibition of the synthesis of a stable phage-
specific RNA polymerase. In addition, the inhibi-
tion of the growth of T5 in rifampin-sensitive
cells observed upon the addition of rifampin 10
min after infection cannot be due to the inhibition
of the synthesis of an unstable, early, phage-
specific RNA polymerase, because Pispa et al.
(20) have shown that the addition of chloram-
phenicol to infected cells 8 min after infection
does not prevent the appearance of late RNA.

Table 3 shows that the complete inhibition of
the growth of T5 in rifampin-sensitive cells can-
not be achieved by the addition of rifampin 20 or
30 min after infection. Sirbasku and Buchanan
(26) reported that the inhibition of RNA syn-
thesis in rifampin-sensitive cells infected with
phage T5 is slower if rifampin is added 20 min
after infection than if rifampin is added 4 or 8
min after infection. The slower response to
rifampin of RNA synthesis when rifampin is
added 20 min after infection may reflect changes
in the permeability of the cell to rifampin during
the latent period or differences in the stability of
late RNA with respect to the stability of pre-early
or early RNA. Our observation that the further
growth of T5 cannot be inhibited by the addition
of rifampin 20 min after infection may also be a
reflection of permeability changes, but is probably
also due to a reduced requirement for late RNA
synthesis, because late RNA synthesis begins
about 9 min after infection (25) and, therefore,
all species of late RNA are presumably present
by 20 min after infection.

Effect of rifampin on the RNA polymerase ac-
tivity in crude extracts prepared from infected and

TABLE 3. Effect of the time of addition of rifampin
during the T5 latentt period on the further

growth of T5+

Infective centers (as %0 of
initial value)a

Time of rifampin addition
(min)

Rifampin- Rifampin-
sensitive host resistant host

0 0 90
10 0
20 90 -

30 107
No rifampin 102

a The plaque counts were corrected for dilution
and compared with the infective centers measured
in M-9 adsorption buffer before dilution into nu-
trient broth (see Materials and Methods).
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uninfected, rifampin-sensitive and -resistant cells
of E. coli F. Although the rate of RNA synthesis
in rifampin-sensitive cells infected with phage T5
has been shown to be sensitive to inhibition by
rifampin throughout the T5 latent period, the
inhibition of RNA synthesis is slower if rifampin
is added during the period of synthesis of late
RNA (25, 26). Therefore, the possibility existed
that a phage-specific RNA polymerase is required
for the transcription of late genes and that this
enzyme is somewhat more resistant to rifampin
than the RNA-polymerase present in uninfected,
rifampin-sensitive cells. To test this possibility,
the time course of '4C-CTP incorporation in the
presence and absence of rifampin was followed
by use of extracts prepared from uninfected,
rifampin-sensitive and rifampin-resistant cells as
well as extracts prepared from rifampin-sensitive
and rifampin-resistant cells 30 min after infection.
At this time, the infected cells are actively syn-
thesizing late RNA (25). Figure 6 shows that the
RNA polymerase extracted from rifampin-sensi-
tive cells 30 min after infection was slightly less
resistant to rifampin than the RNA polymerase
extracted from uninfected, rifampin-sensitive
cells. In addition, the rifampin sensitivity of the
RNA polymerase extracted from rifampin-

A B

o 0.4-O-
0
0
Z0.3-

0-

0.2

ui0.I
0

cj A Ak A

TIME(min)

FIG. 6. Effect of rifampin on the RNA polymerase
activity, with calf thymus DNA as template, extracted
from (A) uninfected rifampin-sensitive cells and (B)
rifampin-sensitive cells 30 min after infection with TS+.
(0) No rifampin; (a) 0.10 Mug of rifampin per ml;
(A) 12 Mug of rifampin per ml. The reaction mixture
contained 100 ug ofprotein in A and 270 Mug ofprotein
in B. In both A and B, the reaction mixture contained
2.6 nmoles and 174,000 counts/min of 14C-CTP. The
order of addition of reaction components was the same

as in Fig. 2. Additional experimental details are given
in Materials and Methods.

resistant cells 30 min after infection was virtually
identical to the rifampin sensitivity of the RNA-
polymerase extracted from uninfected, rifampin-
resistant cells (Fig. 7).
The results presented in this report establish

that the rifampin sensitivity of T5 development
depends on the rifampin sensitivity of the host
RNA polymerase. If the host RNA polymerase is
insensitive to rifampin, the growth of T5 is insen-
sitive to rifampin. However, if the host RNA-
polymerase is sensitive to rifampin, the growth of
T5 is sensitive to rifampin, and this sensitivity can
be demonstrated 9 min after the appearance of
pre-early proteins and 5 min after the appearance
of early proteins, even though the synthesis of
late RNA is not sensitive to inhibition by chlor-
amphenicol by 8 min after infection (20). There-
fore, that portion of the host RNA polymerase
that is responsible for rifampin sensitivity must
be required for the transcription of all essential
regions of the T5 DNA.

DISCUSSION
Three groups of phage-specific proteins are

sequentially induced after infection by phage T5
(14). Pre-early proteins are followed in sequence
by early and then late proteins. The synthesis of

w A B
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O0.2 0
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0 3 6 9 12 0 3 6 9 12
TIME (min)

FIG. 7. Effect of rifampin on the RNA polymerase
activity, with calf thymus DNA as template, extracted
from (A) uninfected rifampin-resistant cells and (B)
rifampin-resistant cells 30 min after infection with
TS+. (0) No rifampin; (0) 0.10 ,ug of rifampin per
ml; (A) 12 ,ug of rifampin per ml. The reaction mixture
contained 100 ,ug ofprotein in A and 210 ,ug ofprotein
in B. In both A and B, the reaction mixture contained
2.6 nmoles and 174,000 counts/min of 14C-CTP. The
order of addition of reaction components was the same
as in Fig. 2. Additional experimental details are given
in Materials and Methods.
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these three groups of proteins is controlled by the
synthesis of three corresponding groups of phage-
specific RNA (25). Sirbasku and Buchanan (26)
showed that rifampin completely inhibits the
synthesis of phage-specific RNA in rifampin-
sensitive bacteria infected with phage T5. How-
ever, although complete inhibition of RNA syn-
thesis can be achieved by the addition of rifampin
4, 8, or 20 min after infection, the response to
rifampin is slower if rifampin is added 20 min
after infection than if rifampin is added 4 or 8
min after infection. In vitro measurements, pre-
sented in this report, of the rifampin sensitivity
of the RNA polymerase activity extracted from
infected and uninfected, rifampin-sensitive and
rifampin-resistant cells indicate that this is not
due to the synthesis of a T5-specific RNA polym-
erase that is more resistant to rifampin than the
RNA polymerase present in uninfected, rifampin-
sensitive cells. These results indicate that no
phage-specific RNA polymerase that is resistant
to rifampin is induced by phage T5. However,
these results do not eliminate the possibility that
a rifampin-sensitive RNA polymerase is induced
by T5. We have shown in this report, however,
that the growth of T5 in rifampin-resistant bac-
teria is insensitive to rifampin, and that the
development of T5 in rifampin-sensitive bacteria
can be arrested by the addition of rifampin 9 min
after the synthesis of pre-early proteins has begun
and 5 min after the synthesis of early proteins
has begun. In this regard, Pispa et al. (20) showed
that the addition of chloramphenicol 8 min after
infection does not prevent the appearance of late
RNA, so that the sensitivity to rifampin inhibi-
tion of T5 development during the period of early
protein synthesis does not reflect the inhibition
of the synthesis of an unstable, early, T5-specific
RNA polymerase. Therefore, no phage-specific
RNA polymerase that is sensitive to rifampin can
be required for the transcription of any essential
region of the T5 DNA. Since the de novo syn-
thesis of a T5-specific RNA polymerase is not a
requirement for the transcription of pre-early,
early, or late genes, the temporal separation of the
three groups of proteins must involve some
mechanism which does not involve the synthesis
of a phage-specific RNA polymerase.
T5 has a unique mode of transfer of DNA to

host cells. First, the initial 8% section of the
phage DNA, which codes for the pre-early pro-
teins, is transferred. Then, after the complete
expression of two pre-early genes (Al and A2),
the remaining 92% of the phage DNA is trans-
ferred (4, 8, 10, 15). Thus, T5 has a built-in
mechanism for the temporal separation of pre-
early from early and late proteins. That is, tran-
scription of early and late genes cannot begin

until after the complete expression of pre-early
genes Al and A2. It would not be surprising,
therefore, if the early genes of T5 were transcribed
in vivo by the unmodified host RNA polymerase.
Indeed, Bautz et al. (3) showed that the un-
modified host RNA polymerase has the same
capacity to transcribe early genes as pre-early
genes in vitro.
The temporal separation of early and late pro-

teins, however, must involve a mechanism that is
not dependent on interrupted transfer of the
phage DNA. Early and late genes enter the cell in
a noninterrupted manner with the remaining 92%
of the phage DNA (9). However, Pispa and
Buchanan (19), as well as Yuan and Bremer
(personal communication), have shown that the
RNA polymerase from uninfected cells has a
lowered capacity to transcribe late genes in vitro.
In addition, the synthesis of at least one early
protein has been shown to be a requirement for
the synthesis of late RNA (17). Therefore, it
seems reasonable to speculate that the temporal
separation of early and late proteins might involve
a modification of the host RNA polymerase by an
early phage function to a form with an enhanced
capacity to synthesize late RNA. This modifying
phage function could be either a sigma or some
other protein factor which modifies the host RNA
polymerase by binding to the enzyme or a factor
which modifies one or more of the existing sub-
units of the host RNA polymerase. In this regard,
the a, f3, and ,B' subunits of the host RNA polym-
erase have been shown to be present in a modified
form after infection by phage T4 (27-29).

Alternatively, this early phage protein, required
for the transcription of late genes, might alter the
initiation specificity of the host RNA polymerase
by binding to the T5 DNA at or near the promoter
site(s) for the late operon(s). The isolation of a
DNA-binding protein responsible for the activa-
tion of the lac operon of E. coli (22, 30) has
recently been reported. In vivo studies indicate
that this protein stimulates the transcription of
the genes of the lac operon by binding to the lac
promoter (18, 23).
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