
R E G U L A T I O N  O F  B A C T E R I O P H A G E  T 5  T R A N S C R I P T I O N  
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ABSTRACT: The expression of bacteriophage T5-specific 
R N A  and protein in infected cells is temporally separated 
into three classes: class I (preearly), class I1 (early), and 
class 111 (late). By immunoprecipitation techniques we have 
shown that T 5  infection of cells leads to the synthesis of one 
class I polypeptide (1 1,000 daltons) and two class I1 poly- 
peptides (90,000 and 15,000 daltons) capable of binding to 
the R N A  polymerase of the host Escherichia coli cell. One 
of the class I1 polypeptides (90,000 daltons) is the product 
of gene C2, which is an  essential gene product required for 
the initiation of class 111 R N A  synthesis. The colicinogenic 
factor, Collb, is a plasmid which prevents the normal syn- 
thesis of class I1 and class 111 bacteriophage TS-specific 

B a c t e r i o p h a g e  T5  and the closely related phage BF23 
share several unique biological properties. The D N A  of 
both phages is injected into the host cell by a two-step pro- 
cess. Attachment of the phage to a sensitive cell is followed 
by the ,injection of only 8% of the total phage DNA, desig- 
nated the first step transfer portion (fst)' (Lanni, 1960). 
This limited portion of the genome must be transcribed and 
translated to yield phage specific class I R N A  and protein 
before the remainder of the genetic material can be taken 
within the host cell (McCorquodale and Lanni, 1964). 

7 5  or BF23 infection of Escherichia coli cells that con- 
tain the C o l I b  factor (Col Ib+ cells) results in the normal 
synthesis of only the earliest (class I) TS-specific R N A  and 
proteins (Moyer et al., 1972). The synthesis of phage-spe- 
cific class I1 R N A  and protein initiates normally. However, 
both types of macromolecular synthesis terminate prema- 
turely several minutes later (R. C. Herman and R.  W .  
Moyer, submitted to Virology). N o  class I11 R N A  or pro- 
tein is synthesized in infection ColIb+ cells and the infec- 
tion is abortive. Spontaneous phage mutants (designated 
h - )  selected for their ability to grow on ColIb+ cells have 
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R N A  in infected colicinogenic (ColIb+) cells. In TS-infect- 
ed colicinogenic cells, only the T5 class I polypeptide is 
found associated with the R N A  polymerase. Mutants of T5, 
designated T5h-, are capable of growth on both noncolici- 
nogenic and Co l lb+  hosts. Extracts of T5h- infected 
Col Ib+ cells were shown to lack a small class I polypeptide 
(1 2,000 daltons) as compared to T5-infected cells. The h -  
mutation, however, has no effect on the levels of the class I 
T5  polypeptide of similar molecular weight which is bound 
to the R N A  polymerase. One effect of the h-  mutation is to 
enhance the quantities of the two class I1 polypeptides 
bound to the enzyme. 

been isolated (Strobel and Nomura, 1966; Nisioka and 
Ozeki, 1968; Mizobuchi et  al., 1971). The mutation which 
allows the phage to grow on both colicinogenic and noncoli- 
cinogenic strains of E.  coli is located within the fst portion 
of the genome and permits a normal infection and allows 
the transcription of all three classes of R N A  and the subse- 
quent formation of all three classes of protein. The primary 
defect in macromolecular synthesis in the abortive infection 
of Col  Ib+ cells appears to involve transcription (Moyer et 
al., 1972). In an attempt to understand the mechanism by 
which the Col  Ib  plasmid interrupts continued phage tran- 
scription we have undertaken a general study of the regula- 
tidn of phage-specific R N A  synthesis in T5-infected E. coli. 

Bacteriophage T5, like T4, relies on the R N A  polymer- 
ase of the host cell for transcription of all viral R N A  (Beck- 
man et al., 1972a; Haselkorn et al., 1969). Stevens (1972) 
has found four T4-specific proteins associated with E.  coli 
R N A  polymerase purified from T4-infected cells. Two of 
these proteins are the products of genes 33 and 55 (Horvitz, 
1973; Stevens, 1974) which by genetic studies have been 
implicated in the regulation of T4 R N A  synthesis in vivo 
(Snustad, 1968; Guha et  al., 1971). Our approach to detect 
TS-specific polypeptides which interact with R N A  poly- 
merase has been to assume that any such polypeptides 
would coprecipitate with R N A  polymerase when the en- 
zyme itself is isolated by immunoprecipitation. Precipita- 
tion of R N A  polymerase by the addition of specific anti- 
bodies has been used by Greenleaf et al. (1973) to detect a 
new 70,000-dalton polypeptide bound to the R N A  polymer- 
ase of Bacillus subtilis during sporulation. 

Materials and Methods 
Preparation of Phage. TSst(O), a heat stable deletion 

mutant of T5+ was used for all experiments and is referred 
to throughout the text simply as T5. TSh-, a mutant of 
TSst(0) that overcomes the Col  Ib  factor-mediated restric- 
tion, was selected as a spontaneous mutant able to grow on 
E. coli K12 W3llOthy- (ColIb) (designated as ColIb+ 
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cells throughout this paper). High titer stocks of both pha- 
ges were prepared in T-MGM medium (Moyer and Bu- 
chanan, 1970) and purified by the procedure described by 
Bujard and Hendrickson (1973) except that the CsCl steps 
were omitted. Basic T - M G M  medium contains per liter: 
maleic acid (5.8 g), Tris (12 g), KCI (2 g), NaHzP04 e H 2 0  
(0.18 g),  Na2S04 (0.12 g), M g S 0 4 .  7H20 (0.025 g), glu- 
cose (5 g), and NH4CI (4 g) a t  a final pH of 7.3. The medi- 
um was further supplemented with 5 pg/ml of thymine and 
adjusted to 2 m M  CaC12. The host bacterium used for prep- 
aration of high titer stocks was E. coli K 12 W3 1 I Othy--. 

Growth and Preparation of Cells f o r  Infection. E .  coli 
K12 W3llOthy-  a n d E .  coli K12 W3llOthj , -  (Col Ib)  are 
the noncolicinogenic or colicinogenic (Co 1 Ib+) strains used 
in all the experiments reported here. Cells were grown i n  
T-MGM medium to a concentration of 5 X I O x  cells/ml 
and were harvested at  4' by centrifugation at  5000g for I O  
min. The cells were resuspended a t  0' at a concentration of 
I X I O t o  cells/ml in T-MGM buffer (T-MGM lacking glu- 
cose and NH4CI) that contained 5 pg/ml of thymine and 2 
m M  CaC12. Phage was added to a final multiplicity of in -  
fection of 10 at 0' i n  an equal volume of T-VGV resus- 
pending buffer. The infected cells were placed on ice for 20 
min followed by a 5-min incubation at  37'. Viral growth 
was initiated by diluting the infected cells tenfold into T- 
MGM prewarmed to 37'. The final concentration of infect- 
ed cells is 5 X I O x  cells/ml. 

Labeling of T.5 Proteins for  Subsequent Separation on 
SDS Polyacrylamide Slab Gels and Autoradiographj,. At 
various times after dilution of infected cells into prewarmed 
T-MGM. 5-ml samples were removed and incubated for 2 
min at  37' without aeration with 5 pCi o f  a mixture of 
"Clabeled amino acids (specific activity > 10 Ci/niol) 
(CFB- 104 Amersham). Labeling was terminated by pour- 
ing the cells onto 5 g of ice with sufficient chloramphenicol 
to yield a final concentration of 100 pg/ml. The cells were 
pelleted by centrifugation at 5OOOg for 5 min a t  0'. Each 
pellet was resuspended in 0.25 ml of 0.05 .&f Tris chloride 
(pH 6.8) that contained 1% SDS (w/v), 1% mercaptoethan- 
01. 10% glycerol, and 0.005% Broniophencl Blue ( w / v ) .  
boiled for 2 min, and incubated overnight at  37'. Samples 
of 10 p1 were applied to I O  cm, 15% S D S  polyacrylamide 
slab gels and the proteins were separated by electrophoresis 
at  35 V for 19 hr a t  room temperature using the Tris-gly- 
cine buffer as described by Studier (1972). After electro- 
phoresis. the slab gels were stained with a solution of 0.25YO 
( w / v )  Cooniassie Blue (Schwartz/Mann), 9% acetic acid. 
and 45.4% methanol for 2 hr at room temperature. The slab 
gels were destained by diffusion with several changes of a 
solution that consisted of 7.W" acetic acid and 5% metha- 
nol. The destained gels were dried under vacuum and 
subjected to autoradiography using Kodak No-Screen Med- 
ical X-ray film as described by Fairbanks et al. (1965). 

Prepararion of Rabbit Anriserum Directed against 
DIVA- Dependent R N A  Polymerase f rom E.  coli. E.  coli 
RNA polymerase holoenzyme was assayed and purified 
from E.  roli B through the DEAE-cellulose step according 
to the procedure described by Burgess (1969). The RNA 
polymerase was further purified by chromatography on a 
calf thymus DNA-cellulose affinity column (Bautz and 
Dunn. 1971). The homogeneous enzyme [ 2  nig in I ml of 10 
inM Tris HCI, 10 m M  MgC12, 0.1 m M  dithiothreitol, 0.1 
m M  EDTA. and 5% glycerol (w/v) at  a final pH of 7.91 
was mixed with an equal volume of complete Freund's adju- 
vant. One toe pad on each foot of a young adult rabbit was 

injected with 0.05 ml of this suspension a t  1 week intervals 
for 4 weeks. After the last injection, 25 ml of blood from al- 
ternate ears was collected weekly for 6 weeks. The blood 
samples were incubated a t  2.5" for 1 hr, stored at  4' over- 
night, and then centrifuged a t  43,OOOg for 30 min. The re- 
sulting crude serum was heated for 30 min at  56' and 
stored at  -20'. 

Labeling of Proteins fo r  Precipitation with Antisera Pre- 
pared-against E .  coli R N A  Polymerase. Uninfected cells 
were labeled in 20-ml samples with Na2"S04 in T-MGM 
medium that was modified to contain reduced amounts of 
sulfate. The MgS04 was replaced by MgClz and the final 
Na2S04 concentration was lowered from 0.12 g/l .  to 
0.0025 g/l .  of Na235S04 (40 / .~Ci/ml,  50 Ci/mol) (New En- 
gland Nuclear) was added to an exponentially growing cul- 
ture at  a density of l X lo* cells/ml a t  37'. Growth was 
continued until the cell concentration reached 6 X lo8 cells/ 
ml at  which time 10 mg/ml of unlabeled Na2S04 was 
added to the culture. The cells were grown an additional 20 
min, harvested by centrifugation, then either stored or sub- 
sequently infected. 

For labeling with 3H amino acids, leucine (0.5 pg/ml) 
and lysine (0.75 pg/ml) were first added to the T-MGM 
medium. Then 20-ml samples of infected cultures, at  a con- 
centration of 5 X lo8 cells/ml, were pulse labeled for 3-min 
periods at  37' by exposure to 25 pCi/ml each of [4,5- 
3H]leucine (>40 Ci/mmol) and [4,5-3H]lysine (40 Ci/ 
mmol) (Schwarz/Mann). To terminate the labeling, unla- 
beled leucine and lysine were each added to a final concen- 
tration of 0.2 mg/ml and incubation was continued for an 
additional 1.5 min. Chloramphenicol (Calbiochem) was 
then added to a final concentration of 100 pg/ml to termi- 
nate the infection. Pilot experiments have shown that both 
radioactive leucine and lysine are linearly incorporated 
throughout the 3-min pulse labeling period. After harvest- 
ing, all labeled samples were stored at  -20". 

Extraction and Immunoprecipitation of E.  coli R N A  
Polymerase. Since the preparation of extracts for immuno- 
logical precipitation requires at  least 1 g of cells for each 
sample, identically grown unlabeled infected or uninfected 
carrier cells were prepared from 750 ml of cells at  5 X 10' 
cells/ml and added to each labeled sample. All steps in the 
extraction procedure were performed at  4' and phenyl- 
methanesulfonyl fluoride (Calbiochem.), a proteare inhibi- 
tor. was present in  all solutions at  0.3 mg/ml. A 6-ml 
amount of buffer (0.05 M Tris * HCI, 0.01 M MgC12, 0.2 
M KCI, 0.1 m M  dithiothreitol, 0.1 m M  EDTA, and 5% 
glycerol at  a final pH of 7.5) was added to each gram of 
cells. The cell suspensions were sonicated for a total of 2 
niin in 30-sec bursts. After sonication, pancreatic deoxyri- 
bonuclease ( 1  00 p g / g  of cells) was added and the sonicated 
extract was incubated for 30 min. Cellular debris and ribo- 
somes were removed by centrifugation i n  the Spinco 50Ti 
rotor (50,000 rpm for 90 min) and an equal volume of satu- 
rated (NH4)$S04 (PH 7.0) was added to the supernatant. 
After 30 rnin the precipitate was collected by centrifugation 
(40.000g for 20 min). The precipitates were resuspended by 
gently shaking overnight at  4' in 1 ml of buffer A (0.01 M 
Tris HCI (pH 7.9), 1.0 m M  MgC12, 0.1 m M  EDTA. 0.1 
n i M  dithiothreitol, and 5% glycerol). The samples were 
then clarified by centrifugation at  40,OOOg for 20 rnin prior 
to antibody precipitation. 

R l rA  polymerase was precipitated by adding 50 p1 of an- 
tisera to 300 11 of the clarified extract and incubating the 
mixture overnight a t  4'. The precipitate was collected by 
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centrifugation a t  40,OOOg for 20 min and was then washed 
four times with 2 ml of cold 0.9% NaCl (w/v). Each sample 
was then resuspended in 0.2 ml of dissolving buffer contain- 
ing 0.02 M Na2HP04,  6 M urea, 1% SDS (w/v), 0.5 M 2- 
mercaptoethanol, and 10% glycerol (w/v). The samples 
were then heated a t  90° for 5 min and stored under liquid 
nitrogen. 

SDS Polyacrylamide Gel Analysis of Labeled Proteins 
Precipitated with Antisera. The radioactive proteins precip- 
tated with antisera were separated on SDS polyacrylamide 
gels as described by Weber and Osborn (1969). The 10-cm 
gels consisted of 0.1% SDS, 10% acrylamide, and 0.27% 
N,N’-methylenebisacrylamide in 0.1 M sodium phosphate 
(pH 7.2). The electrophoresis buffer contained 0.1% SDS 
and 0.1 M sodium phosphate (pH 7.2). Bromophenol Blue 
(0.04%) was added as a tracking dye and 5O-pl samples 
were layered on each gel. Electrophoresis was performed a t  
2 mA/gel for 1 hr and then 7 mA/gel for 7.5 hr. Under 
these conditions the tracking dye migrated three-quarters of 
the way through a IO-cm gel. The protein bands were fixed 
and visualized by staining with Coomassie Blue as de- 
scribed earlier under Materials and Methods. The gels were 
then frozen and sliced into 1-mm segments. Each 1-mm 
segment was incubated overnight at  37O with shaking in a 
scintillation vial with Omnifluor scintillation fluid (New 
England Nuclear) that contained protosol (1 14 ml/l.) 
(New England Nuclear). 

Since all T5-infected samples were prepared from cells 
identically grown and prelabeled with Na235S04, a constant 
amount of 35S label could either be applied or calculated for 
each gel. In this way, the amounts of 3H-labeled T5-specific 
protein from a standard number of cells could be directly 
compared. The 3H and 35S counts obtained from each sam- 
ple gel were corrected for channel spillover and are plotted 
as indicated in the individual figures. 

Results 
Immunological Isolation of E.  coli R N A  Polymerase. 

For these experiments, we used antisera prepared against 
host R N A  polymerase holoenzyme purified from uninfected 
noncolicinogenic cells. In order to determine both the speci- 
ficity of the antibody preparations and to assay for possible 
alterations of the polypeptide subunits of the host R N A  
polymerase which might occur as a result of T5  infection, 
exponentially growing cells were exposed to Na235S04 in 
order to label all the proteins of the uninfected host cell. A 
portion of the prelabeled cells was removed and the remain- 
der were infected with T5  and incubated for 12 min at  37’. 
The cells were harvested, and cellular extracts were pre- 
pared as described under Materials and Methods. The 
R N A  polymerase was precipitated from each sample by the 
addition of the antisera and analyzed on SDS polyacrylam- 
ide gels. By 12 min after infection all three classes of T5- 
specific R N A  have been formed; however, no alterations 
were detected in either the sizes or the relative amounts of 
the subunits of the host R N A  polymerase (Figure lB),  
compared with the enzyme from the uninfected cell (Figure 
IA). It is of interest to note that at  12 min after T5  infec- 
tion, an  apparently intact host CT factor is still precipitable 
by the antisera. However, since the antisera was prepared to 
the R N A  polymerase holoenzyme, the CT subunit is likely to 
precipitate whether or not it is associated with the core en- 
zyme. The data presented in Figure 1 suggest that the anti- 
gen-antibody precipitates a re  free of contaminating host 
protein indicating that very little nonspecific precipitation 
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F I G L R E  I :  SDS polyacrylamide gel profiles of RNA polymerase from 
solubilized antigen-antibody precipitates. [35S]RNA polymerase was 
prepared from (A) uninfected E .  coli K12 W31 IOthy- and ( B )  E.  coli 
K12 W31 IOlhy- cells 12 min after T5 infection. The labeled subunits 
were separated on SDS polyacrylamide gels as described under Mate- 
rials and Methods. Data are presented as the percent (%) of the total 
35S cpm applied to each gel. A total of 49,000 3sS cpm and 50,000 3sS 
cpm were applied to the gels represented in panel A and panel B, re- 
spectively. The electrophoretic mobilities of the /$3’, u, and CY subunits 
of the RNA polymerase are indicated by arrows on the basis of coelec- 
trophoresis of‘ purified enzyme with each sample. Ab+, and Ab1 refer to 
the locations of the heavy and light chains of the immunoglobulin mol- 
ecules. The molecular weights of these polypeptides are: pp’, 160,000; 
u, 96,000; Abh, 55,000; a, 41,000; and Abl, 25,000. 

occurs. The small peak between the /3p’ bands (which do  
not resolve on these gels) and the u band is a protein band 
designated as 7. The 7 component is a protein that copuri- 
fies with R N A  polymerase and is found in variable amounts 
in most R N A  polymerase preparations (Burgess et al., 
1969). 

An experiment similar to that shown in Figure 1 was per- 
formed with ColIb+ cells which were prelabeled with 
Na235S04 prior to T5  infection. The R N A  polymerase 
complex which precipitated before or after T 5  infection 
yields gel patterns identical with those shown in Figure 1 
(data not shown). These results suggest that the interrup- 
tion of T 5  transcription by the plasmid is not due to a plas- 
mid induced degradation of the host enzyme or to a C o l l b  
factor protein, present prior to infection, that can strongly 
interact with R N A  polymerase either before or as a conse- 
quence of T5  infection. 

Detection of Phage Specific Proteins That Associate 
with E .  coli R N A  Polymerase in Infected Noncolicinogenic 
Cells. In order to detect the presence of any new phage po- 
lypeptides which may associate with the E. coli R N A  poly- 
merase during T5  infection, a double labeling technique 
was used to differentiate between the host components and 
the phage specific proteins of the R N A  polymerase. Expo- 
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FIGURE 2: SDS polyacrylamide gel profiles of T5-specific 'H-labeled 
proteins bound to R N A  polymerase. Lnstarved, 35S-prelabeled E. coli 
K12 W31 1 0 t h ~ -  cells were infected with T5 at a multiplicity of infec- 
tion of 10 and pulse-labeled with ['Hlleucine and ['Hllysine for 3-min 
periods at (A) 0-3 min. (B)  6-9 min. (C)  9-12 min, and ( D )  21-24 
min after infection. The label, extraction. immunoprecipitation. and 
gel analysis procedures are described under Materials and Methods. 
Although the immunoprecipitated proteins are double-labeled, only the 
'H-labeled bands (corrected for label crossover) are shown with the ar-  
rows indicating the marker positions as described in Figure 1 .  To allow 
comparison between individual gel samples, the corrected amount of 
3H label in each gel slice was normalized to a selected sample as de- 
scribed under Materials and Methods. An equivalent amount of radio- 
activity derived from prelabeled RN.4 polymerase could be recovered 
from immunoprecipitates with an equal number of uninfected or i n -  
fected cells for up to at least 30 min after infection. The total amount 
of 3H cpm applied to each gel is (A) 52,000 cpm: ( B )  46.810 cpm: (C)  
75,350 cpm; and ( D )  42,100cpm. 

nentially growing host cells were labeled with Na13jS04, 
and the labeling was terminated by the addition of an ex- 
cess of unlabeled sodium sulfate. The prelabeled culture 
was then infected with T5 and the phage proteins were la- 
beled with [3H]leucine and [3H]lysine a t  various times dur- 
ing the infectious cycle. 

Since T5 infection results in an almost immediate cessa- 

tion of host protein synthesis, only phage specific proteins 
are labeled with the tritiated amino acids. The R N A  poly- 
merase was then immunologically precipitated from the in- 
fected doubly labeled cell extracts. The 35S-labeled subunits 
of the host enzyme and any associated 3H-labeled T5  spe- 
cific proteins that coprecipitated were separated on SDS 
polyacrylamide gels. The 35S-labeled subunits of the host 
R N A  polymerase served a dual purpose. First, they provide 
internal molecular weight standards in the gel analysis, and 
second, they facilitate the standardization of the relative 
amount of 3 H  label in each sample per amount of 35S-la- 
beled subunits. 

Between 0 and 3 min after infection, only class I T5-spe- 
cific proteins are synthesized, Analysis by polyacrylamide 
gels of the R N A  polymerase precipitated by the antisera 
from T5-infected cells labeled between 0 and 3 rnin after in- 
fection shows a )H-labeled protein which migrates near the 
Bromophenol Blue tracking dye (Figure 2A). Although this 
band of low apparent molecular weight (approximately 
11,000) is found in somewhat variable amounts in repeat 
experiments, its appearance is dependent on T5-infection 
since this polypeptide is not present in control uninfected 
cells (Figure 2 and unpublished results). 

The synthesis of class I1 T5  proteins begins a t  5 rnin after 
infection, whereas the synthesis of class 111 proteins is ini- 
tiated 9 min after infection. During these latter stages of in- 
fection, two additional phage proteins of approximately 
90,000 and 15,000 daltons are found associated with the 
R N A  polymerase by the antibody precipitation procedure. 
Both polypeptides are first detected i n  cells labeled between 
6 and 9 min after infection, after class 1 protein synthesis 
has diminished, and are maximally detected (or bound) be- 
tween 9 and 12 min after infection (Figure 2B and C). 
However, in cells labeled from 21 to 24 min after infection, 
reduced amounts of the 90,000- and 15,000-dalton proteins 
are present (Figure 2D). Since the amount of "-labeled 
phage-specific proteins shown in Figure 2 has been normal- 
ized to allow quantitative comparison of all gel samples, the 
kinetics of appearance and disappearance of the 90,000- 
and 15.000-dalton proteins associated with the R N A  poly- 
merase suggests that these proteins probably represent class 
I 1  phage polypeptides. The much smaller peaks of radioac- 
tivity observed on these gels occur in different regions in re- 
peat experiments and are probably contaminants. 

The Effect of Prior Cell Starvation on the Size of a 7'5 
Polypeptide Bound to R N A  Polymerase. T5 attachment to 
cells is a fairly slow process, and in order to maintain synch- 
rony during infection, the cells are usually starved in buffer 
for 20-30 rnin at  3 7 O  prior to the addition of phage. How- 
ever, if cells are starved prior to infection, the amount of the 
90,000 dalton T5  polypeptide which is associated with 
RNA polymerase is greatly diminished and a new band of 
45,000 daltons appears (Figure 3). The results of many sep- 
arate experiments suggest that the increase in the amount 
of the 45,000-dalton band is proportional to the loss ob- 
served in the band of 90,000 daltons. I n  contrast, starvation 
causes no significant alterations in the host subunits of the 
RNA polymerase. We conclude that the appearance of the 
45,000-dalton polypeptide i n  prestarved cells may occur by 
cleavage of the 90,000 dalton polypeptide by a host proteo- 
lytic activity induced by the starvation procedure. There- 
fore, in all the experiments reported in this paper. an  infec- 
tion procedure described under Materials and Methods was 
adopted which eliminates starvation but which still main- 
tains synchrony throughout the infectious cycle. 
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FIGURE 3: SDS polyacrylamide gel profile of 3H-labeled T5-specific 
polypeptides bound to R N A  polymerase. E. coli K12 W31 l0rhy- 
cells, prestarved for 30 min, were infected with T5 and pulse labeled 
with [3H]leucine and [3H]lysine between 6 and 9 min after infection. 
The extracts were prepared and treated with antisera as described 
under Materials and Methods. The data are plotted as 3H cpm per gel 
slice. A total of 3 1.000 3H cpm was applied to the gel. 

Antibody Precipitation Studies on Cells Infected with T5 
Mutants Defective in Gene C2. No specific function can be 
assigned to any of the individual phage proteins that asso- 
ciate with RNA polymerase on the basis of the antigen- 
antibody precipitation experiments alone. However, the fact 
that these polypeptides are found bound to the polymerase 
renders them potentially capable of altering the transcrip- 
tional specificity of the enzyme. Two mutants of T5 have 
been described which fail to carry out significant synthesis 
of phage-specific class 111 R N A  and protein. One mutant is 
known to be defective in gene D15 which codes for a 5’-exo- 
nuclease (Chinnadurai and McCorquodale, 1973). The nu- 
clease is necessary for the introduction of nicks or gaps into 
newly replicated T5 DNA, a step which is thought to render 
the DNA “competent” for late transcription (Frenkel and 
Richardson, 1971). The second mutant is defective in gene 
C2 and likewise fails to synthesize significant amounts of 
T5 class 111 RNA and proteins. The biological properties of 
the C2 mutant have led to the prediction that the product of 
the C2 gene may be a putative T5 u factor (Chinnadurai 
and McCorquodale, 1974). 

We have, therefore, assayed labeled extracts of cells in- 
fected with T5amC2 for the presence of the three phage po- 
lypeptides associated with RNA polymerase that we have 
described. Between 0 and 3 min after infection with 
T5amC2 one class I polypeptide is associated with the poly- 
merase as observed in the control (data not shown). In in- 
fected cells labeled between 6 and 9 rnin after infection the 
smaller, 15,000-dalton polypeptide is bound in quantities 
comparable to that found in wild T5 infected cells (Figure 
4A). However, very little of the 90,000-dalton polypeptide 
is bound to the polymerase (compare Figure 4A and Figure 
29) .  By 9-12 rnin after infection with T5amC2 neither of 
these phage proteins are detected in association with the 
polymerase (Figure 4B). 

In  addition to the very low synthesis of class I11 R N A  
and protein, one of the phenotypic properties of the 
T5amC2 mutants is the premature termination of the syn- 
thesis of class I1 RNA and protein by 15 min after infection 
(Chinnadurai and McCorquodale, 1974). The absence of 
the 15,000-dalton polypeptide from cells labeled between 9 
and 12 rnin after infection may be the result of even earlier 
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FIGURE 4: SDS polyacrylamide gel profiles of 3H-labeled TSamC2- 
specific polypeptides bound to RNA polymerase. E. coli K 12 
W31 IOthy- cells, prelabeled with Na235S04, were infected with 
T5amC2 and pulse labeled with [3H]leucine and [3H]lysine. The ex- 
tracts were prepared and treated with antisera as described under Ma- 
terials and Methods. After solubilization of the antigen-antibody pre- 
cipitates, amounts of [35S]RNA polymerase equivalent to those ap- 
plied to gels in Figure 3 were analyzed and the data treated as in Fig- 
ure 3: (A) T5amC2 infected cells pulse labeled 6-9 min after infection; 
(B) T5amC2 infected cells pulse labeled 9-12 min after infection. 

termination of the synthesis of this polypeptide prior to the 
general premature termination of all class I1 protein synthe- 
sis. However, the 90,000-dalton polypeptide is never detect- 
ed bound to R N A  polymerase immunoprecipitated from 
cells infected with the amC2 mutant, even between 6 and 9 
min after infection, a time when the synthesis of the 15,000 
dalton companion phage polypeptide is unaffected. These 
results suggest that the product of the C2 gene could be a 
T5 specific u factor protein of about 90,000 daltons. The 
possibility exists, however, that the action of the C2 gene is 
indirect and is required for either the synthesis or the func- 
tion of the 90,000-dalton polypeptide that we have de- 
scribed. 

A Proposal for the Nomenclature of E .  coli R N A  Poly-  
merase Complexes That Contain T5-Specific Polypep- 
tides. In order to more concisely describe putative T5-di- 
rected modifications of the host RNA polymerase, we have 
utilized, in part, the suggestions of Stevens (1 974). E.  coli 
R N A  polymerase containing a bound T5 polypeptide chain 
of 90,000 daltons will be designated RNAP(T5)(90). Like- 
wise, RNAP(T5)(  1 l), RNAP(T5)(  15), or 
RNAP(T5)(90)( 15) will be used to designate host RNA 
polymerase that contains bound T5 polypeptides of 1 1,000 
daltons, 15,000 daltons, or two polypeptides of 90,000 and 
15,000 daltons, respectively. Since the method of detection 
of these polypeptides is mostly by radioactivity measure- 
ments, this nomenclature is only used when a form of the 
enzyme can be unambiguously described. No absolute stoi- 
chiometry between phage and host subunits has been deter- 
mined by us and none is intended in this nomenclature. 
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FIGURE 5: Separation of T5 and TSh- proteins labeled 0-3 min after 
infection by electrophoresis on 15% SDS polyacrylamide gels. The pro- 
cedures for electrophoresis and the subsequent autoradiography of the 
dried gels is described under Materials and Methads: (A)  TS-infected 
E .  coli K I 2  W3llOlhy- and (B) TSh- infected E. coli K12 
W31 IOlhy-. The electrophoretic mobility of nonradioactive equine cy- 
tochrome c (I 2,000 daltons) was determined after staining with Cmm- 
assie Blue and is indicated by the arrow. Only radioactive phage bands 
are visualized in the autoradiogram shown here. 

The Pattern of TLSpecific Proteins Associated with 
RNA Polymerase in Infected Col lb+ Cells. Since the 
Col  Ib plasmid appears to interfere with T5 development at  
the level of transcription, it was of interest to analyze the 
RNA polymerase from T5-infected Co l lb+  cells for the 
presence of the three T 5  polypeptides. Equivalent quantities 
of RNAP(TS)( I I )  are formed between 0 and 3 min after 
infection in infected Col Ib+ cells compared to T5-infected 
noncolicinogenic cells, but at  later times only very small 
amounts of the other two binding proteins are detected 
(data not shown). In Col Ib+ cells only class I R N A  and 
protein are synthesized in normal quantities and there is 
only a very limited synthesis of class I1  and no synthesis of 
class 111 protein (Moyer et al., 1972: R. C. Herman and R. 
W. Moyer, submitted to Virology). Therefore, the small 
amount of RNA polymerase containing the 90,000- and 
15,000-dalton T5 polypeptides is undoubtedly related to the 
generally limited biosynthesis of the class I I  proteins. These 
observations on T5-infected Co l lb+  cells support our hy- 
pothesis that RNAP(TS)( 1 I )  is a class I derived species of 
RNA polymerase and that the subsequent modification of 
the enzyme by the 90,000- and 15,000-dalton polypeptides 
represent a further alteration of the polymerase by class 11 
proteins. 

Observation on the Pattern of Class I Proteins Formed 
by T5 and T5h- Mutants. The phage mutation which al- 
lows T5 growth on Co l lb+  cells is located within the fst 
(class I )  portion of the viral genome (Beckman et  al., 
1972b). Mizobuchi and McCorquodale (1974) compared 
the electrophoretic mobilities in nondenaturing polyacryl- 
amide gels of the class I proteins formed by either BF23 or 
the BF23h- mutants. They have noted that the presence of 
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the h- mutation results in differences in the quantities of 
several of the class I protein bands. BF23 induces the exten- 
sive synthesis of protein bands designated I C  and Id but 
very little synthesis of protein band le, while BF23h- in- 
duces very small amounts of protein hands I C  and Id  but 
large amounts of protein band le .  The authors concluded 
that proteins I C  and Id might be oligomeric forms of pro- 
tein l e  and that the putative oligomers were responsible for 
the arrest of phage growth. 

We have examined the labeled class 1 phage proteins in 
both T5 and T5h- infected cells after treatment of the pro- 
teins with mercaptoethanol and SDS to disrupt any aggre- 
gates prior to analysis on SDS polyacrylamide gels. We 
have found that the T5h- mutant does not synthesize one 
small class I polypeptide that is found in the T5 parental 
strain (Figure 5 ) .  This difference has been observed in both 
infected noncolicinogenic and colicinogenic host cells. The 
phage specific polypeptide present in T5 but not T5h- in- 
fected cells has a molecular weight of about 12,000 as 
judged by its comigration with cytochrome c on SDS poly- 
acrylamide gels. 

The failure of the T5h- mutant to synthesize a class I 
polypeptide present in cells infected with T5 wild strains, is 
an observation which could be consistent with the findings 
of Mizobuchi and McCorquodale (1974) if  the missing 
polypeptide normally promoted the oligomer formation. 
The lack of synthesis of a polypeptide by the T5h- mutant 
is consistent with the genetic observation that T5h- mu- 
tants are recessive to T5 in a mixed infection of Co l lb+  
cells since the mixed infections are abortive (Nisioka and 
Ozeki, 1968; Beckman et al., 1972b; Szaho and Moyer, un- 
published results). The recessive character of T5h- mu- 
tants, moreover, would be predicted if  the T5h- mutant 
failed to synthesize a product involved in the restriction pro- 
cess. 

The Effect of the h Gene on the T5-Specific Proteins As- 
sociated with RNA Polymerase. T5h- mutants allow all 
the T5 genes to be transcribed equally well in both Col Ib+ 
and noncolicinogenic infected cells. These mutants also fail 
to synthesize a class I polypeptide of 12,000 daltons, which 
is presumably involved, together with a plasmid product in 
the ultimate antagonism of continued T5 transcription. 
Therefore, it was of interest to examine the pattern of T5h- 
specific proteins associated with RNA polymerase utilizing 
antigen-antibody precipitation experiments identical with 
those described for T5-infected noncolicinogenic cells. In  
T5h- infected cells labeled from 0 to 3 min after infection, 
RNAP(TS)( 1 1 )  is formed in amounts equivalent'to those 
found for other T5-infected cells (Figure 6A). Likewise, be- 
ginning at  6-9 min after infection the 90,000- and 15,000- 
dalton polypeptides become associated with the polymerase 
(Figure 6B). However, as the T5h- infection proceeds, a 
significant difference develops in the amount of the 
90,000-dalton polypeptide bound to the polymerase com- 
pared to T5-infected noncolicinogenic cells under identical 
conditions. Between 6 and 9 min after infection nearly iden- 
tical amounts of the 90,000 dalton species is found bound to 
the polymerase in both T5 and T5h- infected noncolicino- 
genic cells (Figures 2B and 68). By 9-1 2 min the amount of 
the larger peptide in T5h- infected cells is more than dou- 
ble and by 21-24 min after infection is about five times 
greater than that found for a culture of T5-infected noncoli- 
cinogenic cells. However, no significant differences are 
found in the relative amounts of the 15,000-dalton polypep- 
tide hound to the polymerase in T5 and T5h- infected non- 
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FIGURE 6:  SDS polyacrylamide gel profiles of 3H-labeled T5h- spe- 
cific protein bound to RNA polymerase. 35S-prelabeled E. coli KI 2 
W3llOthy- cells were infected with T5h- and pulse labeled with 
[3H]leucine and [3H]lysine from (A) 0-3 min; ( B )  6-9 rnin; (C) 9-12 
min; and (D) 21-24 min. The extracts were prepared and the data 
were treated as described in the legend for Figure 2. The total amount 
of 3H cpm applied to each gel was (A) 19,800 cpm; (B)  64,700 cprn; 
(C) 110,100 cpm; and (D) 74,000 cpm. 

colicinogenic cells (Figures 2 and 6). The kinetics of ap- 
pearance of the T5-specific proteins bound to R N A  poly- 
merase described in these experiments have been compiled 
and are presented in Figure 7. 

In addition, R N A  polymerase has been assayed for the 
presence of the three T5 proteins in cultures of T5h- infect- 
ed Col Ib+ cells and in cultures of noncolicinogenic cells 
mixedly infected with T5 and T5h-.  Infection of Col Ib+ 
cells with T5h-  results in a pronounced increase of both 
class I1 proteins bound to polymerase compared to either 
T5h- or T5 infected cultures of noncolicinogenic cells (Fig- 
ure 7). The amount of the class I 11,000-dalton protein was 
again unaltered (data not shown). 

T5h-  mutants are recessive to wild type T5 since a mixed 
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FIGURE 7: The kinetics of appearance of the class I 1  T5-specific pro- 
teins which bind to the host RNA polymerase. Data which were ob- 
tained from the experiments described in Figures 2 and 6 were em- 
ployed in this figure. Identical SDS polyacrylamide gel analysis was 
also performed for E. coli K12 W31 lothy-  (ColIb)  cells infected with 
T5 or T5h- and pulse-labeled with [3H]leucine and [3H]lysine at 9-12 
min and 21-24 min after infection. Extracts were prepared and ana- 
lyzed on SDS polyacrylamide gels as described under Materials and 
Methods. The relative amounts of the 90,000-dalton protein (A) and 
the 15,000-dalton protein (B) were obtained by a summation of the )H 
cpm present in each band. The points in the figure refer to the mid- 
point of each pulse period. (0-0) T5-infected E. coli K 1 2  
W3llOthy- cells; (0-0) T5-infected E. coli W31 l o thy -  (Col lb)  
cells; (A-A) T5h- infected E. coli K12 W31 lothy- cells; (A-A) 
T5h- infected E. coli K12 W3llOthy- (Col lb)  cells; (0-0) T5 and 
T5h- infected E. coli K12 W31 lothy- cells. 

infection of Col Ib+ cells yields no progeny phage. How- 
ever, a mixed infection of noncolicinogenic cells yields equal 
numbers of both T5 and T5h- progeny. The amount of the 
90,000-dalton polypeptide in mixedly infected noncolicino- 
genic cells is similar to that seen in T5 rather than T5h- 
single infected cells (Figure 7). Thus the total amount of 
this protein bound to RNA polymerase in T5h- infected 
cells is reduced by coinfection with wild type T5. 

In general, the effect of the h-  mutation on the three T5 
polypeptides associated with RNA polymerase appears to 
be only a quantitative one. Under all conditions tested the 
amount of RNAP(T5)( 11) appears to be unaffected and 
therefore this class I polypeptide does not appear to be the 
one deleted by the h- mutation. Of the two class I1 poly- 
peptides which bind to R N A  polymeiase, the level of bind- 
ing of the larger of these seems to be enhanced by the h- 
mutation irrespective of the host cell. Enhanced levels of 
binding of the smaller polypeptide is seen only in colicino- 
genic hosts. 

Discussion 
The synthesis of the three classes of T5-specific RNA de- 

pends on the R N A  polymerase of the host cell (Sirbasku 
and Buchanan, 1971; Beckman et al., 1972). The temporal 
control of T5 transcription seems analogous to the regula- 
tion of T4 transcription in which phage-induced changes in  
the host R N A  polymerase are necessary for the synthesis of 
the different classes of T4 RNA and for the shutoff of host 
transcription (Schachner and Zillig, 1971; Walter et al., 
1968). In the case of T4, the p,p' and CY subunits of the host 
enzyme are conserved throughout infection (Goff and 
Weber, 1970; Stevens, 1972). However, after T4 infection it 
appears that the o activity is changed (Seifert et al., 1969; 
Crouch et al., 1969; Bautz et al., 1969; Travers, 1970) and 
that several new phage polypeptides become associated with 
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the host enzyme (Stevens, 1972; Stevens and Crowder, 
1974). Two of these peptides are probably the products of 
genes 33 and 5 5  (Stevens, 1972; Horvitz, 1973), which have 
been shown to be involved in late T 4  R N A  synthesis (Bolle 
et al., 1968; Snustad, 1968; Pulitzer, 1970; Pulitzer and 
Geiduschek, 1970; Snyder and Geiduschek, 1968; Guha et 
al., 1971). 

A search was initiated for T5-directed modifications of 
the host RNA polymerase which might play a role in the 
regulation of viral transcription. Although our goal was ini- 
tially to examine the properties of purified enzyme prepara- 
tions, it became obvious from both our own studies and 
those of others, that a rapid assay of the subunit composi- 
tion of the R N A  polymerase in infected cells was first es- 
sential to define any potential species of enzyme modified 
by phage polypeptides. For example, losses of unstable reg- 
ulatory subunits from R N A  polymerase complexes during 
the purification of the enzyme have been documented. 
Brown and Cohen (1974) found that a X phage-induced 
protein of 72,000 daltons, which associates with R N A  poly- 
merase to stimulate transcription of X DNA, is lost or inac- 
tivated during purification. Stevens (1974) has described 
similar observations with certain of the T4-associated poly- 
peptides of R N A  polymerase. The immunoprecipitation of 
RNA polymerase provides a very rapid assay of subunit 
composition and should minimize losses due to proteolysis 
or protein instability. 

The evidence from our immunoprecipitation studies 
suggests that at  least three phage-specific polypeptides as- 
sociate with the host enzyme during the course of infection 
and may serve to regulate transcription. A T 5  class I poly- 
peptide of 1 1,000 daltons is the first phage protein found as- 
sociated with the enzyme, forming RNAP(T5)(1 I ) .  One 
possible role for the class I polypeptide might be to enhance 
transcription of class I1 RNA sequences from repaired rath- 
er than native DNA. Class I 1  R N A  is synthesized from 5 to 
20 min after infection and is initially transcribed from the 
native, nicked form of parental DNA. In vitro, this form of 
T5 D h A  serves as an excellent template for the synthesis of 
class I 1  RNA with purified enzyme from both uninfected 
(Pispa and Buchanan, 1971) and infected E. coli (C. Szabo 
and R. W. Moyer, manuscript in preparation). However, 
repair of the T5  DNA begins a t  6 min and yields fully re- 
paired duplex molecules by I O  min after infection (Herman 
and Moyer, 1974). Therefore, the bulk of class 11 R N A  is 
synthesized from a repaired T5  template, a process which 
may be facilitated by the class I T 5  polypeptide of 11,000 
daltons. Studies on the in vitro transcription of repaired T5  
DNA should be very useful as an approach to answer this 
question. 

Two class I I  polypeptides of 90,000 and 15,000 daltons 
have also been found to be associated with the E:coli R N A  
polymerase. Immunoprecipitation of RNA polymerase 
from cells infected with T5amC2 mutants yields little or 
none of the 90,000-dalton class I1 polypeptide. These obser- 
vations, together with those of Chinnadurai and McCor- 
quodale ( I  974), who showed an absolute requirement of the 
C2 gene product for the initiation of class I11 R N A  synthe- 
sis, suggest that the C2 gene product is a T5 specific 0 fac- 
tor of 90,000 daltons. Both this u factor and the 5‘-exonu- 
clease produced by gene D1.5 (Chinnadurai and McCor- 
quodale, 1973) are needed for the initiation of class 111 or 
late T5  transcription. 

An analysis of immunoprecipitates of R N A  polymerase 
from cells starved prior to infection has shown that starva- 

tion induces a rapid degradation of the 90,000-dalton phage 
subunit. One product of this degradation is a 45,000-dalton 
polypeptide which, however, remains immunoprecipitable 
and hence is still presumably bound to the host enzyme. AI- 
though the starvation-induced degradation appears to in- 
volve only this polypeptide, the biological significance of 
this selectivity, if any, is not yet clear. W e  have also noted 
the complete removal of the 90,000-dalton polypeptide from 
R N A  polymerase by DEAE-cellulose chromatography dur- 
ing routine purification of the enzyme (C. Szabo and R. W. 
Moyer, manuscript in preparation). 

The @,p’ and a subunits of the host enzyme appear to be 
conserved during T5 infection, since no gross changes i n  
these polypeptides have been observed in either noncolicino- 
genic or Col Ib+ cells as a result of infection. The fate and 
the role of the host 0 factor following T5  infection is not yet 
clear. We have presented evidence for the existence of a 
new phage u factor, yet the analysis of the RNA polymer- 
ase immunoprecipitated from either TS-infected noncolici- 
nogenic cells late in infection or from infected Col  Ib+ cells 
after all in vivo transcription has ceased suggest that the 
host 0 factor is not destroyed during infection of either cell 
tY Pe. 

I n  part, our attempts to determine how T5 transcription 
is regulated were initiated by our interest in the interruption 
of T5  transcription that occurs in ColIb+ cells. I n  this re- 
gard, we have made several relevant observations. ( 1 )  SDS 
polyacrylamide gels of the host R N A  polymerase subunits 
from infected and uninfected C o l l b +  cells are identical 
with those from noncolicinogenic cells. (2) The Col Ib fac- 
tor itself does not seem to specify any components which 
bind to the host R N A  polymerase. (3) Only one T5  class I 
polypeptide of 11,000 daltons is found associated with 
R N A  polymerase in T5-infected ColIb+ cells. (4) SDS 
polyacrylamide gel analysis of TS-infected cell extracts in- 
dicates, as expected, that neither class 11 polypeptide is 
found bound to R N A  polymerase in appreciable quantities 
in infected ColIb+ cells. ( 5 )  The h-  mutation in T5  elimi- 
nates a class I phage polypeptide of 12,000 daltons and alle- 
viates the premature termination of class I 1  transcription to 
allow growth of T5  in ColIb+ cells. The protein deleted by 
the h- mutation, however, is not the class I polypeptide 
bound to R N A  polymerase. Our studies have shown that 
equivalent amounts of the class I polypeptide of similar size 
( 1  1,000 daltons) is found bound to RNA polymerase in 
T5h- infected cells. (6) The h- mutation also has an effect 
on the amount of the 90,000-dalton class I I  polypeptide 
found associated with R N A  polymerase. T5h- infection of 
noncolicinogenic cells leads to a twofold increase in the 
amount of this protein precipitated by antisera at  9-12 min 
and a fivefold increase between 21 and 24 min. T5h- infec- 
tion of ColIb+ cells, however, results in  a further large in -  
crease of both class I1 proteins precipitated, particularly a t  
6-9 min. Although the Co l Ib  factor appears to prevent the 
normal synthesis of both class I1 binding proteins during 
wild type T5  infection, the plasmid enhances the amount of 
polypeptides which can be precipitated with antisera during 
T5h- infection. 

The increased amounts of these proteins bound to the 
polymerase may be the result of their increased affinity to 
R N A  polymerase or to an increase in the total amount of 
the protein synthesized. These alternatives are not easily re- 
solvable by immunoprecipitation experiments alone. Exper- 
iments to directly measure the rate of synthesis of the 
90,000-dalton class I1 polypeptide in infected cells after 
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analysis on S D S  polyacrylamide gels are hampered by the 
presence of the product of T5 gene 0 9  (DNA polymerase) 
which has a nearly identical molecular weight (Chinnadurai 
and McCorquodale, 1974; Steuart et al., 1968). Prelimi- 
nary experiments with T5amD9 and T5h-amD9 mutants, 
in which the D9 gene product is eliminated through amber 
mutation, suggest that the rate of synthesis of the 90,000- 
dalton T5 occurs normally for a t  least 10 min and implies 
that the h- mutation affects the binding between phage and 
host components of the polymerase. 

If a Co l Ib  product interacts with or modifies the host 
R N A  polymerase, it alone is not sufficient to block T5  tran- 
scription. Only with the further involvement of the h gene 
product can T5 growth be arrested. Since there is no evi- 
dence that either of these products binds to R N A  polymer- 
ase, each in turn may serve as catalysts in the modification 
of the enzyme and this modified polymerase would then be 
unable to transcribe the in vivo template. Since T5 tran- 
scription in infected Col Ib+ cells ceases a t  a time when the 
nicks in the infectious T5 parental DNA are being repaired, 
it is possible that the changes brought about by the h gene 
and the Col  Ib factor prevent the utilization of repaired T5 
DNA as a template for transcription. Experiments which 
measured the in vivo repair of the single-stranded interrup- 
tions in the T5 DNA (R. C. Herman and R. W. Moyer, 
submitted to Virology) suggested that the T5 DNA is ligat- 
ed in vivo by a T5-specific DNA ligase, a class I1 protein. If 
translation of class I1 R N A  is blocked, repair of the T5 
DNA is impaired with the result that transcription con- 
tinues in infected Col  Ib+ cells. This last observation is con- 
sistent with the suggestion that transcription of repaired 
DNA in infected Col Ib+ cells is blocked and also impli- 
cates a T5 class I1 protein, perhaps a DNA ligase, in addi- 
tion to the phage h gene product in the Co l Ib  plasmid di- 
rected restriction. The Col Ib factor clearly affects phage 
macromolecular synthesis a t  the level of transcription. 
However, because of the complexity of host cell-plasmid in- 
teractions, in our view it is still too early to state that T5 
transcription is directly inhibited by the Col  Ib factor rather 
than as a consequence of a plasmid directed modification 
elsewhere within the cell. 
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