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ABSTRACT Satellite bacteriophage P4 induces a new
transcribing enzyme that synthesizes polyriboguanylic
acid in the presence of the poly(dG)-:poly(dC) homo-
polymer pair. This transcribing activity was partially
purified and shown to be distinct from the host RNA
polymerase. Analysis of conditional lethal mutants sug-
gests that this new enzyme is necessary for replication of
phage DNA.

Satellite bacteriophage P4 requires a helper phage, such as
temperate phage P2, for lytic multiplication (1). The P2
helper genome may be present either as a coinfecting phage
or as a prophage (2). If it is coinfecting, both P2 and P4 are
produced in the resultant burst; while if it is a prophage, only
P4 is produced (2). P4 requires all 18 of the P2 helper late
genes (ref. 3) and the completed phage contains P2 head and
tail proteins (4).

In a normal P2 infection, DNA synthesis and early gene
expression are required for activation of P2 late genes (5-9).
In contrast, P4 requires neither P2 DNA synthesis nor P2
early functions to activate P2 late genes (3, 10). Furthermore,
P4 can induce late gene products from a repressed P2 prophage
(2), whereas helper phage P2 cannot induce significant
amounts of late gene products from a heteroimmune prophage
(11). Thus, the mechanism by which the two phage induce P2
late genes appears to differ. We considered the possibility that
P4 might induce a new RN A polymerase with the specificity to
transeribe late genes of the helper phage. Such a mechanism
is used by phage T7 to activate transcription of its late genes
(12). While searching for a new RNA polymerase activity in
P4-infected cells, we found a P4-induced transcribing activity
that synthesizes poly(G) with poly(dG)-poly(dC) as tem-
plate. A study of P4 conditional lethal mutants (13) suggests
that this enzyme is not involved in transcription of the P2
helper genome. Instead, it appears to be essential for P4 DNA
replication. We report here some properties of the partially
purified enzyme.

MATERIALS AND METHODS

Radioactively labeled nucleosides and nucleotides were
purchased from Schwartz/Mann, and unlabeled nucleotides
from Calbiochem. Rifamycin (rifampin) was donated by
CIBA Pharmaceutical Co. or was from Calibiochem. Strep-
tolydigin was donated by the Upjohn Corp. Mitomycin C
was obtained from Sigma Chemical Co., and actinomyein D,
from Mann Research Laboratories. Poly(dA-dT) and T7
DNA were gifts from Michael Chamberlin. Poly (dG—dC) was
a gift from R. D. Wells. Poly(dG) - poly (dC) was prepared ac-
cording to Radding et al. (14), with Escherichia coli DNA
polymerase I kindly provided by A. Kornberg. Serum con-

Abbreviation: MOI: multiplicity of infection.
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taining antibodies to DNA polymerase was a gift from D.
Brutlag. P2 and P4 phage preparations, which had been
banded twice in CsCl density gradients, were used for isola-
tion of DNA (15). The integrity of phage DNA was measured
by alkaline zonal sedimentation in an analytical ultracen-
trifuge (16). )

Medium. Medium A (17) and TPG—CAA medium (18) were
used.

Bacteriophage Strains. P2 tsKe old, carries a temperature-
sensitive mutation in the lysis gene K and cannot interfere
with growth of phage lambda (19); P2 vir, am,. is a virulent
strain that carries an amber mutation in a lysis gene (20); P2
cox; is an excision-defective mutant (21); P4 vir; is a clear
plaque-type mutant (18); P4 vir, amAi,and 26 and P4 vir
{sBy are described by Gibbs et al. (13).

Bacterial Strains. All strains were derivatives of E. coli C
(22). C-1a and C-2 are prototrophic (23, 24); C-10 lacks endo-
nuclease I (25); C-520 carries amber suppressor D (supD) (26);
C-1748 is C-1a, which was lysogenized with P2 cozr;; C-1847
is C-10, which was lysogenized with P2 tsKeo old,; HF4704 is
thymine-requiring and cannot reactivate ultraviolet light
damage to DNA (her—) (27); C-1971 is a rifamycin-permeable
mutant of HF4704 (28); C-1859 is an F+ strain derived from
C-1971 by contact with the F+ K12 strain, CR34, which was
obtained from D. Helinski.

Growth of Infected Cells in the Biogen (American Sterilizer
Co.). 40 Liters of C-1847 were grown in A medium at 33° in
the biogen to a cell density of 1 X 10° cells per ml. The cells
were infected with P4 »ir; at a multiplicity of infection
(MOI) of 0.15, and growth at the permissive temperature
was continued for 70 min at 33° to allow expression of the
lysis function in the first cycle of growth. The temperature
was then raised to 42° to prevent lysis during the second round
of P4 multiplication. After 100 min at the nonpermissive
temperature, the infected cells were forced from the biogen
into a vessel containing ice. The chilled cells were harvested
by centrifugation in a Beckman model 170 continuous flow
centrifuge and were stored at —20°.

Preparation of Cell Extracts. All operations were performed
at 0—4°. Cells were disrupted either by alumina grinding or by
sonication. In the alumina grinding procedure, 0.3-1.5 g of
cells were ground for 10 min on ice with twice the weight of
washed alumina followed by extraction with 1 ml of buffer
A per g of cells. Buffer A contains 50 mM Tris (pH 8.0),10 mM
MgCl;, 0.1 mM dithiothreitol, 0.1 mM EDTA, 5%, glycerol.
In the sonication procedure, 0.1-1.5 g of frozen cells were
homogenized with about 2 ml of buffer A per g of cells, and
the suspension was sonicated with a Biosonic II for 1.5 min
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TaBLE 1. Drug-resistant RN A polymerase activity in phage-
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TaBLE 2. RNA polymerase activity in Supt and Sup ~ cells

infected cells infected with P4 amber mutants
Specific Specific :
activity % Activity activity % Activity
(pmol in- resistant to (pmol in- resistant to
corporated/mg rifamycin and corporated/mg rifamycin and
Host Phage per min) streptolydigin Host Phage per min) streptolydigin
Nonlysogenic None 1000 2.6 Sup—(C-2) None 183 3.9
(C-10) P4 vir, 1000 16 P4 vir, amA, 63 4.9
Nonlysogenic None 1000 2.5 11:4 v amﬁ” ;‘;0 3‘Z
(C-la) P2 vin amn 1000 2.5 4 viry amAs 0 3.
P2-lysogenic None 500 5.8 Sup *(C-520) g:ng 4 ;(7‘): l; -6
C-1748) P4 vi 1220 31 very amsy
¢ ) " P4 vir, amAs 76 43
P4 vir, amAse 64 53

Cells were grown to a density of 5 X 10%/ml and were infected
at an MOI of 10 in TPG-CAA medium (C-10) or A medium (C-
1a and C-1748). Infected cells were incubated with aeration at
37° until the late stages of the infectious cycle were reached, i.e.,
25 min for P2-infected C-1a, 50 min for P4-infected C-1748, and
100 min for P4-infected C-10. Cells were harvested by centrifuga-
tion and frozen. Extracts were prepared by alumina grinding
(C-1a and C-10) or sonication (C-1748) and were assayed for
total activity and drug-resistant activity.

at 0°. Cellular debris was removed by centrifugation for 30
min at 15,000 X g. Protein concentrations were determined
according to Lowry et. al. (29).

Assays of Transcribing Activity were performed essentially
as described by Chamberlin et al. (12). The 0.1-ml “standard”
assay mixture contained 40 mM Tris pH 8.0, 10 mM MgCl,,
10 mM 2-mercaptoethanol, 1 mg/ml bovine serum albumin,
0.1-0.2 mM poly(dG)-poly(dC), and 0.2 mM [*H]GTP
(specific activity 30-70 cpm/pmol). ‘“‘Drug-resistant activity”’
was measured by addition of 20 ug/ml rifamyecin and 0.2 mM
streptolydigin to the standard assay. All reactions were
terminated after 10 min at 37° by addition of 3 ml of cold
3.5% perchloric acid containing 0.1 M sodium pyrophosphate.
Acid-insoluble material was collected on a Whatman GF/C
filter, washed extensively with cold 1 M HCI containing 0.1
M sodium pyrophosphate and then with 95% ethanol. The
filters were dried and counted in a toluene-based scintillation
fluid.

RESULTS

Ewvidence for a New Transcribing Activity. A new transcribing
activity can be detected in P4-infected cells when the host
RNA polymerase is inactivated by rifamycin and strepto-
lydigin (Table 1). This activity is assayed as incorporation of
[*H]GTP into an acid-insoluble form in the presence of poly-
(dG) -poly(dC). In extracts prepared from uninfected cells,
less than 5%, of the RN A polymerase activity is drug-resistant.
However, when the extracts are prepared from P4-infected
cells, 15-40%, of this activity is resistant to the drugs. Thus,
P4-infected cells contain an RNA polymerase activity that can
be distinguished from the host activity by its drug resistance.

Several lines of evidence suggest that this enzyme activity
is induced by P4. First, this activity is found in P4-infected
cells whether or not the P2 helper phage is present. It is not
found in cells that are infected with P2 alone (Table 1).
Secondly, this activity is not found in cells infected with cer-

Cells were grown to a density of 2 X 108/ml in A medium and
were infected at an MOI of 10. The cells were harvested by
centrifugation 100 min later and were treated as described in

Table 1.

tain P4 mutants. Under nonpermissive conditions, P4 amber
mutants in cistron A (13) do not synthesize detectable
amounts of this activity (Table 2). However, under permis-
sive conditions, a significant amount of the poly(dG)- poly-
(dC)-dependent GTP incorporation was drug resistant. We
therefore conclude that this new activity is induced by the
P4 genome.

Properties of the P4 Transcribing Activity. Sedimentation
of partially purified P4 enzyme on glycerol gradients shows
that the new activity is physically, as well as biochemically,
distinct from E. coli RNA polymerase (Fig. 1a). The poly(G)-
synthesizing activity sediments in two peaks. One of these
has a sedimentation coefficient of about 14 S and is similar
to the RNA polymerase from uninfected cells in its drug
sensitivity (5—-109, resistant) and in its activity with several
DNA templates. The slower sedimenting material is the
P4-induced activity. It is at least 909, drug-resistant (see
also Table 3) and is not found in uninfected cells (Fig. 1b).
It has a sedimentation coefficient of 5 S, as determined
by comparison with alkaline phosphatase (data not shown)
and with E. coli RNA polymerase (Fig. 1), assuming an
820,50 fOr these standards of 6.1 S (30) and 13.5 S (31), re-
spectively.

The reaction was studied with partially purified 5S enzyme
obtained from glycerol gradients (Table 3). The enzyme is
again seen to differ from E. coli RNA polymerase in its re-
sistance to rifamycin and streptolydigin. It is antigenically
distinct as well, since it is resistant to antibody directed
against E. colt RNA polymerase. The incorporation of GTP
is dependent on the addition of poly(dG)-poly(dC) and is
sensitive to actinomycin D. The requirement for a divalent
cation is satisfied by Mg**, but only partially by Mn*++
(data not shown). The product of the reaction is more than
95%, sensitive to treatment with alkali as would be expected
for a ribopolymer. These results suggest that the P4 tran-
scribing activity is a new enzyme that catalyzes the poly-
(dG) - poly (dC)-dependent incorporation of GTP into poly(G).

Biological Function of the New Activity. If the enzyme is in-
volved in transcription of phage DNA, then natural DNA
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F1e. 1. Sedimentation of the poly(dG)-poly(dC) transcribing
activity from P4-infected and uninfected cells. Sedimentation is
from right to left. Bacteria (C-1847) were grown in the Biogen.
About 1 g of P4-infected or uninfected cells was sonicated with
5 ml of buffer A at 0°. Cellular debris was removed by centrifuga-
tion for 10 min at 15,000 X g, and the pellet was washed with
1 ml of buffer A. The combined supernatant fractions were
centrifuged for 30 min at 17,000 X g. The supernatant fraction
was centrifuged for 100 min at 105,000 X g and the supernatant
was discarded. RNA polymerase activity was eluted from the
pellet by incubation for 60 min on ice with 0.6 ml of buffer A
supplemented with KCl to 2M. The sample was again centrifuged
at 105,000 X ‘g for 100 min. The supernatant fraction was concen-
trated by precipitation with 1.5 volumes of saturated (25°),
neutralized ammonium sulfate. The ammonium sulfate pellet
was collected after centrifugation for 20 min at 15,000 X g and
dissolved in 0.25 ml of 10 mM Tris(pH 8.0), 10 mM MgCl,, 0.1
mM dithiothreitol, 0.1 mM EDTA. This fraction (0.2 ml) was
layered onto a 10-30%, glycerol gradient prepared in the same
buffer supplemented with 0.2 M KCI and 1 mg/ml bovine-serum
albumin and was centrifuged for 11.5 hr at 40,000 rpm in an SW-
50 rotor in a Spinco model L ultracentrifuge. The centrifuge tube
was punctured and 4-drop fractions were collected. 10 ul of each
fraction was assayed for activity in the presence (X—X) and
the absence (O—O) of rifamycin and streptolydigin. Assays
were conducted under standard conditions except that the
volume of the assay was reduced to 0.05 ml and 1 mM phosphate
was added.

templates ought to be able to substitute for the synthetic
polymer, poly(dG)- (dC). We therefore investigated the tem-
plate specificity of the two species of RNA polymerase from
P4-infected cells (Table 4). The 148 enzyme from P4-infected
cells resembles E. coli RNA polymerase in its template speci-
ficity. However, the new 58 activity shows a pronounced
preference for poly(dG)-poly(dC) as template. Its activity
with P2, P4, and T7 DNA is less than or equal to 19, of its
activity with poly(dG)-poly(dC). No detectable activity
is obtained with poly(dA-dT) or poly(dG—dC) templates
(Table 3). Furthermore, poly(dG)-poly(dC) promotes the
synthesis of poly(G) and not the synthesis of poly(C). Thus,
the enzyme is highly specific.

This high degree of specificity and the inability of the new
enzyme to transcribe native biological DNA is open.to several
interpretations. In order to distinguish between some. of these
possibilities, we sought more information on the function of
the enzyme by studying whether or not the enzyme is syn-
thesized by the two known classes of conditional lethal P4
mutants (13). Mutants in class B are represented by a single
temperature-sensitive mutant, P4 vir; {sBx. The P4 B mutant
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TABLE 3. Reguirements of the new transcribing activity

pmol of GMP

Experiment Conditions incorporated
1. Complete 125
— poly(dG)-poly(dC) 1
+ rifamycin and streptolydigin 131
— enzyme 1
Alkali digested 3
2. Complete 151
— enzyme 3
+ actinomycin D 2

+ antibody to E. cols RNA

polymerase 143

The complete reaction mixture contained 1 mM phosphate in
addition to the components of the standard assay. Drugs were
added as indicated. Actinomycin D was present at 40 ug/ml.
This high concentration of actinomycin was also necessary to
completely inhibit E. coli RNA polymerase with poly(dG)- poly-
(dC) template in agreement with the results of Wells and Larson
(39). The amount of antibody present in the reaction (0.04 Asg
units) decreased the incorporation obtained with E. coli RNA
polymerase from 202 to 36 pmol. The product of the reaction
was digested with alkali as follows: The reaction was terminated
by addition of 0.1 ml of 1 N NaOH and the mixture was digested
for 2 hr at 37°. The sample was chilled and neutralized with 0.1
ml of 1 N HCI. Acid-insoluble radioactive material was deter-
mined as described for the standard assay. Enzyme (10 ul) was
from the 58 peak of gradients prepared as described in Fig. 1a.

synthesizes P4 DNA under nonpermissive conditions, and it
can activate transcription of the P2 genome (13). This tem-
perature-sensitive mutant synthesized small but readily detec-
table amounts of enzyme at the nonpermissive temperature
(Fig. 2a). The lower level of activity observed with P4 vir,
{sBg is probably due to a general lowering of macromolecular
synthesis in cells infected with this mutant (13). Mutants
in class A do not synthesize the new enzyme (Table 2; Fig.
2b) nor do they synthesize P4 DNA. However, these mutants
do activate P2 late genes since late mRNA as well as phage
heads are found under nonpermissive conditions (13).* These
experiments suggest that the new enzyme is involved in syn-
thesis of P4 DNA and not in transcription of helper phage
genes.

The above genetic data forced us to ask whether the P4-
induced enzyme might be a DNA polymerase. We found that
the 58 enzyme fraction can incorporate [SH]dGTP (Table 5).
However, all of this poly(dG) synthesizing activity is elim-
inated by antiserum to DNA polymerase I. In contrast, the
synthesis of poly(G) is not affected by antiserum (Table 5,
Exp. 2). Contamination of the 5S fraction with E. colt DNA
polymerase I can therefore account for the synthesis of poly-
(dG), but not for the synthesis of poly(G). Thus, the phage-
induced enzyme appears to be an RNA polymerase that is
required for the synthesis of P4 DNA.

Recent results from several laboratories (32-37) suggest a
role for transcriptional activity in synthesis of DNA. For

* The effect of P4 A’ gene amber mutants on enzyme synthesis
is probably not due to a polar effect, since similar results are ob-
tained in a host strain carrying a polarity suppressor (26).
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F1c. 2. Kinetics of appearance of the P4-induced transcribing
enzyme. E. coli C-1748 was grown in A medium to a density of
5 X 108 cells per ml. The cells were concentrated 10-fold in A
medium that lacked glucose and amino acids and infected with
P4 vir,, P4 vir, amA,, or P4 vir, tsBy at an MOI of 10. The phage
were allowed to adsorb on ice for 20 min. The cells were then
diluted 20-fold into warmed A medium and were aerated at 37°
or 42°. Samples (75 ml) were taken at the times indicated and
were rapidly chilled. The cells were pelleted by centrifugation and
stored frozen at — 15°. Cell extracts were prepared by sonication
and were assayed for drug-resistant activity. Lysis of the cultures
was monitored with a Klett spectrophoctometer (600 nm).

example, Brutlag et al. (33) find that replication of M13
DNA is more sensitive to rifamycin than to chloramphenicol,
and suggest that initiation of DNA replication might in-
volve transcription of a primer RNA by the host RNA poly-
merase. If the new P4 transcribing activity were required for
P4 DNA synthesis, then P4, unlike M 13, should be rifamyecin-
insensitive in the replication of its DNA. That this is so is
shown in Fig. 3. DNA replication in P4 is much less sensitive
to rifamycin than to chloramphenicol under conditions in
which the replication of f{d DNA [fd is very closely related
to M13 (38)] is much more sensitive to rifamycin than to
chloramphenicol. This finding is consistant with the in-
terpretation that the new rifamycin-resistant activity might
provide a primer transcript that is required for replication of
P4DNA. ‘

DISCUSSION

We have found a new transeribing activity in E. cols infected
with satellite phage P4. This enzyme appears to be specified
by the P4 genome, sin¢e it is produced in the presence and in
the absence of the helper phage P2 (Table 1) and is not pro-
duced by P4 phage that carry a mutation in gene A (Table 2).
This new transcribing activity appears to be unrelated to
E. coli RNA polymerase, since it is resistant to antibody
directed against the E. colt enzyme and to rifamycin and
streptolydigin (Table 3), and sediments at a slower rate (Fig.
1). Furthermore, this P4-induced enzyme is highly specific in
that it transcribes only poly(G) from poly(dG)-poly(dC)
template. ;

P4 mutants that do not synthesize this enzyme are also un-
able to replicate P4 DNA, although they are able to activate
transcription of the required P2 helper genes (13). Thus, the
new transcribing activity may be the product of P4 gene A and
may be required for synthesis of P4 DNA. However, we
cannot exclude the possibility that P4 gene A regulates syn-
thesis of this enzyme, and that the enzyme is nonessential.
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- TaBLE 4. Template specificity of RN A polymerase

pmol GMP incorporated

Infected Uninfected
Template 58 148 148
Experiment 1
None ‘1.5 5.5 3.8
Poly(dG)- poly(dC) 152 253 270
P2 DNA 2.3 39 68
P4 DNA 1.9 58 96
T7 DNA 2.3 66 154
Experiment 2
None (ATP) 2.5 2.6 2.6
None (GTP) i 0.7 3.7 2.9
poly(dG)-poly(dC) 134 255 335
poly(dA—dT) 2.6 621 633
Experiment 3
None (*GTP + CTP) 1.0 1.0
None (GTP + *CTP) 2.0 2.9

Poly(dG)-poly(dC) (*GTP) 140 218
Poly(dG)-poly(dC) (*GTP + CTP) 106 136
Poly(dG)-poly(dC) (GTP + *CTP) 3.0 66
Poly(dG-dC) (*GTP + CTP) 1.0 39

All assay mixtures contained 1 mM phosphate. Assays with
poly(dG)-poly(dC) were performed under standard conditions
with only GTP present unless otherwise indicated. Assays with
phage DNA as template (Exp. 1) contained ATP, UTP, CTP
(0.4 mM each), [*H]GTP (0.2 mM, 65 cpm/pmol), and the appro-
priate phage DNA (0.3 mM). Activity with poly(dA-dT) (0.15
mM) as template (Exp. 2) was measured with 0.4 mM UTP and
0.4 mM [“C]ATP (10 cpm/pmol). Reactions without template
contained [C]JATP or [(H]GTP as indicated in parentheses.
In Exp. 3, the nucleotides (0.2 mM) present in the reaction mix-
ture were varied as indicated in parentheses. The radioactive
nucleotide (55 cpm/pmol) is designated with an asterisk. Poly-
(dG—dC) was present at 0.05 mM and poly(dG)-poly(dC) at
0.15 mM. Enzyme (10 ul) was obtained from the appropriate
regions of gradients prepared as described in Fig. 1.

TaBLE 5. Sensitivity of the P4 enzyme to DNA
polymerase antiserum

pmol
Experiment  Substrate Conditions incorporated
1. [*H]dGTP Complete 39.0
+ 20 ul DNA
polymerase I
antiserum 2.2
2. [*H]GTP Complete 14.8
+ 20 ul DNA
polymerase I
antiserum 15.6

The reaction mixture used for measurement of [*H]dGTP
incorporation was that described by Radding et al. (14) for the
preparation of poly(dG)-poly(dC) except that the concentration
of triphosphates was lowered to 30 uM and 2-mercaptoethanol
was present at 1 mM. Under these conditions, 10 ul of DNA poly-
merase antiserum was sufficient to reduce the incorporation ob-
tained with purified DNA polymerase I from 190 pmol to 27
pmol. Standard assay conditions were used in Exp. 2. Enzyme
(10 pl) was from the 58 region of a gradient prepared as described
in Fig. 1a.
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F1e. 3. Sensitivity of DNA synthesis in P4- and fd-infected
cells to rifamycin and chloramphenicol. E. coli C-1859 was
grown to a concentration of 1.5 to 2 X 103/ml in TPG-CAA
medium supplemented with 10 ug/ml of thymidine. Host DNA
synthesis was suppressed by treatment of the cells with mito-
mycin C by a modification of the procedure described by Lind-
qvist and Six (18). Mitomycin C was removed by Millipore filtra-
tion. The cells were washed with and concentrated 10 times in
TPG-CAA medium lacking glucose and casamino acids, but
containing 2.5 ug/ml thymidine. Portions of the cells were
infected with P4 or fd (MOI of 10) and were incubated for 5 min
at 37° without aeration to allow adsorption of the phage. The
cells were then diluted 10-fold into warmed TPG-CAA medium
containing 2.5 ug/ml of thymidine. Uninfected cells (5 ml) and
infected cells (15 ml) were added to [*H]thymidine (5 uCi/ml,
18.5 Ci/mmol). Both samples were aerated at 37° (time = zero).
5 min later, 5-ml aliquots of infected cells were removed to flasks
containing chloramphenicol or rifamyecin (final concentration of
100 pg/ml and 60 ug/ml, respectively). 50-ul Samples were
removed at the times indicated to 2-cm circles of Whatman 3 MM
filter paper and dropped into 59, trichloroacetic acid. The filter
papers were batch-washed and counted essentially as described
by Bollum (40). Uninfected cells, ®—®; phage-infected cells,
O—O0; infected cells to which chloramphenicol (A—A) or rifamy-
cin (O--0) were added 5 min after infection.

[o]

There is mounting evidence that a transcriptional event is
required for DNA synthesis in coliphages A (32) and M13
(33, 34), in colicin E,; (35), and in F-factor (36) as well as in
E. coli (37). On the basis of our data we suggest that the
highly specific P4 transcribing enzyme recognizes the replica-
tion origin of P4 DNA and synthesizes a polyribonucleotide
that serves as the primer for DNA synthesis.
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