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Deoxyribonucleic Acid Dependent Ribonucleic Acid 
Polymerases from Two T4 Phage-Infected Systems? 

Audrey Stevens 

ABSTRACT: The properties of DNA-dependent RNA polym- 
erases from two T4 phage-infected systems have been studied 
and compared with those of RNA polymerase from unin- 
fected Escherichia coli (host polymerase). For the T4 phage- 
infection systems, T4 double amber mutants were used, one 
being a gene 42-Xgene 47- mutant and the other a gene 
42-Xgene 55- mutant. The contents of the u subunit and of 
four new T4-specific polymerase-binding proteins, and the 
activities of the enzymes, were surveyed at different stages of 
the purification procedure. In subunit content, the two en- 
zymes from the T4-infected systems differ; the enzyme from 
the T4 gene 55- system lacks a new binding protein of mol 
wt 22,000. Considerable loss of both the u subunit and the 
small binding protein of mol wt 10,000 (as detected by gel 
electrophoretic analysis) occurs during the purification of the 

C omplex changes occur in the transcription process 
after T4 phage infection of Escherichia coli, and many of the 
studies of these changes have recently been reviewed (Losick, 

t From the Biology Division, Oak Ridge National Laboratory, Oak 
Ridge, Tennessee 37830. Receiaed September 17, 1973. Research spon- 
sored by the U. S .  Atomic Energy Commission under contract with the 
Union Carbide Corporation. 

T4 enzymes. Little loss of the small binding proteins of mol 
wt 12,000, 15,000, and 22,000 is found during routine purifica- 
tion steps, but chromatography of the enzymes on phospho- 
cellulose results in loss of the mol wt 12,000 protein from the 
core enzyme fractions and some loss (the amount being de- 
pendent on the purification stage at which chromatography 
is carried out) of the mol wt 22,000 protein. The enzymes 
from both T4-infected systems have a reduced activity with 
T4 DNA as compared to host polymerase, and the same 
activity is sharply reduced by high salt concentration. Re- 
sults are presented which show that the T4 enzymes contain a 
material, found in the unadsorbed fraction on phosphocellulose 
chromatography, which inhibits host u stimulation of core 
enzyme activity. 

1972; Bautz, 1972). The changes accommodate the synthesis 
of at  least four different classes of T4 mRNA and the cessa- 
tion of E.  coli RNA synthesis. The studies suggest that changes 
in the host’s transcription enzyme, the DNA-dependent RNA 
polymerase of E.  coli, are very important to the new trans- 
cription program, although the synthesis of a new transcrip- 
tion enzyme which takes place after T7 and T3 phage in- 
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fection (Chamberlin et al., 1970; Dunn et ai., 1971) has not 
been completely excluded for 'T4 phage infection (Losick, 
1972). The synthesis of one class of T4 mRNA, the "late" 
species, involves modification of the T4 phage DNA a t  the 
time of replication (Zograf er ai., 1967; Bolle et ul., 1968b; 
Lemback et ul., 1969; Riva et ul., 1970). 

Many changes in E.  coli RNA polymerase have been found 
after T4 phage infection. In a process almost coincident with 
infection, and one not reqiliriny new protein synrhesis, the 
enzyme is altered, as is demonstrated by a decrease in its 
activity with 7 4  DNA as a template (Seifert et ul., 1969). The 
activity loss is associated with the purification of a smaller 
amount of the G subunit of the polymerase. Waiter et d. 
(1963) and Seifert et ul .  (19b9. 197i) reported a two-step 
alteration process involving the a subunits, the first step being 
independent of new protein synthesis. That the alteraaion re- 
action involves incorporation of adenylate-containing re- 
sidues into the a subunits was first shown by Gotf and Weber 
(1970) and was later also studied by Seifert el d. (1971.) 
Travers (1970b) showed that later in the infection process 
there is a change in the electrophoretic properties of the [5" 
subunit. and Schachner and Zillig (1971) reported that the 
@. $', and C( subunits are all subject to changes in amino acids, 
a s  detected by analyses of tryptic peptides. From isotopic 
iabeling studies of the polymerase following 1~4 phage in- 
fection, we have found that four ncwly synthesized small 
proteiils are bound to the enzyme, and that they are firbt 
deiectabie at about 5 rriin aftcr infection (Stevens, 1952; 
Stckeiis and Crowaer, 1974). Of particular interest was the 
findirig that two of them mignt be thr products of 7'4 gends 
33 and 5 5 ;  genes that nave beeii shown to be involved in late 
T4 mRNA syntnes~s (Bolle rr id., 1968b; Pulitzer. 1970; 
Pu!itzer and Geiduchek, 1950; Snyder and Geiduschek. 19b3). 
Horvitz (1973) has recently piovecl that the mol wt 12.000 
prorein is coded for by T4 gene 33. Whether these new small 
binding prowins could be responsible for some of the other 
late changes in the large host subunits ib nor yet  known. 
Labeling studies by Go% and Wtber (1970) and tnose we re- 
porred (Stevens, 1973; Stevens and Crowder, 1973) show that 
the i3. 3 ', and a subunits of the host enzyme are not exchanged 
throughout the T4 phage infection cycle. 

That the (T activity of RNA polymerase is changed after T4 
infection is eLident from ahe decrease in activity of the en- 
zyme with T4 DNA as a ternplate (Seifert et d . ,  1969; Crouch 
et d,,  1969; Bautz and Dunn, 1969; Travers, 1970b). Whether 
the decreased activity is the result of less G purifying with the 
enzyme because of core enzyme changes or the result of al- 
teration of u itself has remained unclear. although both pos- 
sibilities have been suggested (Seifert er d., 1971 ; Schachner 
a i d  Seifert, 1971). Various values have been reported for the 
G subunit content of RNA polymerase after T4 infection. 
Seifrrt er '11. (1971) showed that enzyme isolattd immediately 
aftei infection has a reauced a m o ~ n t  of u ,  and several !abora- 
tories reported that enzyme isolated later has none (Seifert 
et d.. 1971 ; fjautz and D u m ,  1Y69). More recently, Travers 
(1970b) and Khesin et ul. (1972) found substantial an-lounts 
of G on enzyme purified from T4-infected cells. Different 
purification methods may have caused the diKerent u values 
reported. u can be removed from RNA polymerase holo- 
enzyme by phosphocellulose column chromatography (Bur- 
gess et d., 1969; Brrg et ul., 19711, and u has been shown to 
be required for core polymerase to transcribe T4 DNA with 
the production of early T4 mRNA (Bautz er d., 1969). 
Travers (1969. 1970b) reported isolating a protein from T4- 
infected cells which stimulates core enzyme activity but which 
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differs from normal u in stimulating the synthesis of a dif- 
ferent class of early T4  mRNA. An anti-u activity was re- 
ported by Bogdanova et d. (1970) and Khesin et al. (1972), 
who found that a supernatant protein fraction partially 
purified from lysates of T2 or T4 phage-infected E. coli in- 
hibits the response of normal E .  coli core enzyme to CT. 

We have been particularly interested in the function of the 
new small binding proteins, and have examined in detail the 
DN.4-dependent RNA polymerases from two T4 phage-in- 
f'ecied systems. Both infection systems involve a T4 double 
amber mutant, the first being gene 42-Xgene 47- and the 
second being gene 42-Xgene 55-. Gene 42 is a DNA syn- 
thesis negative (Do) gene, the product of which is deoxy- 
cytidyiate hydroxymethylase (Wiberg et ai., 1962). gene 47 is 
a delayed DNA synthesis gene, the product of which may be a 
DNase (LViberg, 1966). and gene 55  is a maturation-defective 
gene which, in cico, acts to restrict late T4 mRNA synthesis but 
not T4 DNA replication (Bolle et al., 1968b). With the 42-X- 
,i7- mutant, the polymerase isolated contains all four new 
small binding proteins (Stevens, 1972); with the 42-X55- 
mutant, the resulting polymerase lacks the mol wt 22,000 
binding protein because of the gene 55  mutation (Stevens, 
1972). We have surveyed the activities of the two enzymes 
from the infected systems, and enzyme from uriinfected cells, 
in an attempt to answer the following questions. (1) What is 
the G content of the enzymes at the different purification 
stages? ( 2 )  What is the small binding protein content at 
difterent purification stages'? (3) Do the enzymes from the 1'4- 
infecwd cells difkr from host polymerase from uninfected E.  
cuii cells in any h a y ?  (4) Do the eiizymes from the two T4- 
infected systems differ from each other in any way? The last 
question was of particular interest because of our curiosity 
about the function of the mol wt 22,000 binding protein. The 
results of the studies are reported below. 

Materiala and Methods 

Preparation pf' Pliuge. The amber mutant phages used were 
T-l an7 N55-A456 (gene 42-Xgene 47-), the gift of Dr. John 
S. Wiberg, and T4 urn N122-BL292 (gene 42-Xgene 55-), the 
gift of Dr. Kay Fields. The amber mutant phage stocks were 
prepared with the SUI+ host, E.  coli CR63, by a method de- 
scribed to the author by Dr. G. Gujer-Kellenberger. Cells in 
M9 medium (Adams, 1959) supplemented with 0.05% cas- 
amino acids. 0.2 glucose, and 20 pg/ml of L-typtophan were 
grown at 30" to a concentration of 2 x 10"ml and then in- 
fected with an equal number of phage. After 3-4 hr, the cells 
were collected, resuspended in a small volume of M9 medium, 
and lysed by the addition of l,'toth its volume of chloroform. 
After treatment with DNase at 5 pg;ml, the phages were 
purified by differential centrifugation (Thomas ana Abelson, 
1966). 

Growth of'Cells. E .  coli B was grown in M9 medium supple- 
mented with 0.2% glucose and 20 pg/ml of L-tryptophan, at 
30" in either a 30- or 200-1. fermentor. Normal cells were 
grown to a cell concentration of 7 x 106im1, collected, frozen, 
and stored at -20". Cells infected with the two amber mutant 
phages were obtained by growing E .  coli B to a cell con- 
centration of 3 >< 108--4 x 10B,/ml. Then eight times that 
amount of phage was added and 25 min later (30") the cells 
were collected. Surviving cells were plated 5 min after in- 
fection. With the 30-1. fermentor surviving cells were less than 
1%, but by use of the 200-1. fermentor the surviving cell 
count was usually higher, ranging from 1 to 3 %. No differences 
were observed in the enzymes obtained from different batches 
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of cells. The phage-infected cells were also frozen and stored 
at - 20 O prior to use. 

Purificution of Enzymes. All operations were carried out 
at 0-4". Twenty-five grams of cells were ground with 
alumina and the alurmna extract was centrifuged as previously 
described (Stevens and Henry, 1964). The final supernatant 
fraction was withdrawn with a pipet, dithiothreitol was added 
to a concentration of 0.1 mM, and the fraction was stored 
frozen until the next purification step was done. When as- 
sayed for polynierase activity as described below, with calf 
thyinus DNA as a template, thc supernatant fractions from 
uninfected cells contained about 6000 units of activity (aver- 
age specitic activity with calf thymus DNA = 8.0). The 
supernatant fractions from T4-infected cells were lower in 
activity and contained about 2000-3000 units (average specific 
activity with calf thymus DNA = 3.3). 

preparation, the total Aloe units of the supernatant fraction 
were determined and then NH,Cl was added to a final con- 
centration of 1 M. About 0.28 ml/100 'q2c0 units of protamine 
sulfate (General Biochemicals) (1 x), adjusted to pH 8.0 with 
1 N KOH, was added. The solution was stirred for 15 min 
and then was centrifuged for 10 min at 12,000 rptn (Servall). 
The supernatant solution was diluted with 2 vol of 10 niM 
Tris buffer (pH 7.8) containing 10 mhi MgC12, 20 niM 
NH,CI, and 0.1 IXIM EDTA (TMA buffer)' and 0.2 of 
the original volume of 1 %  protamine sulfate was added. 
After stirring and centrifugation as above, the enzyme was 
precipitated by addition of 0.4 of the original voiume of 1 % 
protamine sulfate and collected as described above. The 
precipitate was suspended in 6 ml of 0.1 saturated ammonium 
sulfate, pH 8.5. (Saturated ammonium sulfate solution was 
prepared, adjusted to pH 8.5 by the addition of concentrated 
NH40H, and stored at 4O.) The suspension was centrifuged 
to remove insoluble material. When assayed for polymerase 
activity the supernatant solution contained 2000-3000 units 
of polymerase activity. 

For enzyme preparadons from uninfected cells the prot- 
amine sulfate step was slightly ditferent. The procedure was 
the same up to the addition of the 2 vol of TMA buffer. Then 
only TMA buffer was added, and the resulting precipitate 
was removed by Centrifugation. The same volume of TMA 
butfer and 0.12 of the original volume of 1 protarnine sulfate 
were added. The precipitate was again removed by centrifuga- 
tion and the enzyme was then precipitated from the super- 
natant solution by addition of 0.4 of the original volume of 
protamine sulfate. After collection by Centrifugation, it was 
dissolved in 0.1 saturated ammonium sulfate as described 
above and centrifuged again to remove insoluble material, 
The polymerase activity of the supernatant solution was 4000- 
5000 units. 

With each new batch of protamine sulfate used, it was neces- 
sary to test the exact requirements for precipitation of the 
enzyme. This was done by adding different amounts of the 
protamine sulfate solution and different amounts of TMA 
buffer until the optimal amounts for precipitation of the 
enzyme at maximum purity were found. 

The protamine sulfate fractions were immediately further 
fractionated with ammonium sulfate by collecting the 0.4- 
0.55 saturated fraction as described previously (Stevens and 
Henry, 1964). Usually, 60-70% of the enzyme activity was 
recovered. The enzymes were stored at a concentration of 

P K O r A M I N E  SULFATE YKECIPITA? ION. For each T4-enLyIne 

- ~ _ _ _ _ _  _ _ - ~  
'Abbreviation used is:  TMA buffer, 10 mM Tris--10 mM MgClr 

20 mM "821-0.1 mM EDTA. 

about 5 mg/ml in the storage buffer described by Burgess 
(1969) at -20" until the DEAE-cellulose step. 

DEAE-CELLULOSE COLUMN CHROMATOGRAPHY. DE-23 
(Whatman) was washed with 0.1 M NaOH by stirring for 30 
min at room temperature and then with 0.1 N HC1 in the same 
manner, and stored at 4" in 20 mM Tris buffer (pH 8.0). A 
small column (0.7 cm X 10 cm) of the material was prepared 
and washed with about 100 vol of 20 mM Tris buffer (pH 8.0) 
containing 10% glycerol, 100 mM KCl, 1 mM EDTA, and 
0.1 m M  dithiothreitol (buffer A). The enzyme sample was 
dialyzed for 3-4 hr against buffer A prior to chromatography. 
After application of the sample, the column was rinsed with 
1-2 ml of buffer A. The enzyme was then eluted using a 
100-ml linear gradient of from 0.1 to 0.4 M KC1 in buffer A. 
Two-milliliter fractions were collected, and the fractions with 
highest activity were combined and concentrated by pre- 
cipitation with ammonium sulfate (to 0.6 saturation). The 
precipitate was dissolved in 0.5 ml of 20 mM Tris buffer (pH 
7.8) containing 5 % glycerol, 0.4 M KC1, 0.1 mM EDTA, and 
0.1 mM dithiothlreitol (buffer 13). Recovery of activity from 
the DEAE-cellulose column ranged from 60 to 90% for all 
the enzymes. 

was diaiyzed for 3-4 hr against buffer B, and then 0.2-in1 
aliquots of the sample were layered on 4.6-ml linear gradient 
solutions (12.5-30% glycerol in buffer B) and centrifuged for 
about 14 hr at 32,000 rpm (SW39 head, Spinco L2). Fractions 
(0.15 ml) of the gradients were collected and assayed. The 
recovery of activity from the gradients was 60-90%. The 
gradient fractions were concentrated by precipitaton with 
ammonium sulfate to 0.6 saturation and either stored in 
Burgess storage buffer (Burgess, 1960) or prepared for a second 
gradient centrifugation by dialysis as described above. The 
second gradient centrifugation was carried out in the same 
manner, or with solutions containing 0.05 M KC1 rather than 
0.4 M KC1. After the first gradient centrifugation, the enzyme 
was 95-98 pure as analyzed by gel electrophoresis. A second 
gradient centrifugation at either low or high salt reduced the 
amount of the unidentified impurity bands found on gel elec- 
trophoresis, but did not eliminate any one completely. The 
overall recovery of enzyme activity was 20-35 %. 

Conturninuring Enzyme Activities. DNase activity of the 
enzyme preparations was measured by incubating the enzymes 
with [ 3H]thymidine-labeled T4 DNA under the polymerase 
assay conditions described below except that Z-mercapto- 
ethanol was omitted from the reaction mixtures. Sarkosyl (to 
1 %) was added to terminate the reactions and the [*H]DNA 
was then sedimented in alkaline sucrose gradients. No altera- 
tion of the sedimentation rate of the DNA was found after 
incubation with enzymes which had been purified by centrifuga- 
tion in the high salt-containing gradient solutions. Enzymes 
at prior purification steps all contained DNase activity. 

Since E.  coli polynucleotide phosphorylase has been shown 
to break down to a 95,000 mol wt subunit, which migrates 
similarly to the d subunit of RNA polymerase on sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (Lehrach 
et al., 1971), the different enzyme fractions were assayed for 
polynucleotide phosphorylase activity by the polymerization 
assay of Williams and Grunberg-Manago (1964). Enzymes at 
the protamine sulfate stage of purification contained about 
0.03 unit/mg and no activity was detectable with the DEAE- 
cellulose and gradient-purified fractions. 

Phosphocellulose Column Chromatography. Phosphocellulose 
(P l l ,  Whatman) column chromatography was usually carried 
out as described by Burgess et al. (1969), using 0.7 x 5 cm 

DENSITY-GRADIENT CENTRIFUGATION. The enzyme sample 
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TABLE I :  Specific Activities of Host Enzyme, Enz 42--X47-, 
and Enz 42-X55- with T4 DN.4 and Calf Thymus DNA at 
Different Purification Stages. 

Enz Enz 
Host 42-X47- 42-X55- 

___._ 

Calf Calf Calf 
Purification Thy- Thy- Thy- 

Stage mus T4 mus T4 mus T4 

Protaminesulfate 220 220 215 100 205 120 
DEAE-cellulose 250 250 240 90 210 120 
Density gradient 1 400 400‘ 420 105’ 400 140’ 
Densitygradient 2 450 450‘ 450 105‘ 450 140‘ 

‘ There was more variation in these values with the different 
enzyme preparations, probably dependent upon the amount of 
CT lost on centrifugation. 

~ _____.________ __ - - ~ 

columns. Approximately I-mg samples of the enzymes were 
applied. Most of the assays of the phosphocellulose column 
fractions were done the same day, or after storage overnight 
in ice. Freezing of the fractions resulted in losses of activity, 
but similar results were obtained with the less-active fractions. 

Assay of Polymerase Actioity. For assay of ?he enzyme 
fractions, the reaction mixtures (0.2 ml) contained [ i4C]ATP 
(Schwarz BioResearch, Inc.) (0.25 mM, 3400 cpm/nmol), UTP, 
CTP, and GTP (P-L Biochemicals, Inc.) (0.25 niM each), 
Tris buffer (pH 7.7) (20 mM), MgCh (10 mM), 2-mercapto- 
ethanol (10 mM), T4 DNA (isolated from T4D phage ac- 
cording to the procedure of Thomas and Abelson, 1966) (S- 
10 p g )  or calf thymus DNA (Worthington Biochemicals Corp.) 
(10 pg), and enzyme. Incubation was for 10 min at 37”, and 
determination of radioactivity incorporated into RNA was 
carried out as previously described (Stevens and Henry, 
1964). Specific activity is expressed as rianomoles of [i4C]AMP 
incorporated/milligram of protein under the assay conditions. 

Polyacrylamide Gel Electrophoresis. Sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis, using 12 7; acryl- 
amide gels, and staining and scanning the gels were carried 
out as previously described (Stevens, 1972). Urea-sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis with 15 X 
0.6 cm columns was carried out as described by Swank and 
Munkres (1971). The 10% acrylamide gels were 10 cm long. 

Other Methods. Protein concentration was determined by 
the method of Lowry et al. (1951). Competition hybridization 
measurement of late T3 mRNA and RNA asymmetry mea- 
surements Nere carried out according to the procedures of 
Bolle et ai. (1968a) and Brody et al. (1970), by use of 5- and 
20-niin T4 RNA samples prepared as described by these 
authors. 

Results 
Designations Used for Enzymes and New Binding Proteins. 

The following designations for the enzymes and the new 
small binding proteins are used: T4 enzyme, enzyme from T4 
phage-infectedcells ; host enzyme,enzyme fromuninfectedcelis ; 
Enz 42-X47-, enzyme from the system infected by T4 phage 
am gene 42-X47-; Enz 42-X55-, enzyme from the system in- 
fected by T4 a m  gene 42-Xgene 55-. The small binding 
proteins are designated on the basis of their molecular weights 
of 22, 15, 12, and 10 (each X103) as “22,” “15,” “12,” and 
“10,” respectively (Stevens, 1972). 
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DlSTAlvCE FROM 3 Q I G I Y  (cm) 

FIGURE 1 : Densitometer scans of stained gels of the T4 enzymes at 
different purification stages and of gradient-purified host enzyme: 
(A) 10 pg of Enz 42-X47- purified by DEAE-cellulose chromato- 
graphy; (B) 15 pg of Enz 42-X55- purified by DEAE-cellulose 
chromatography: ( C )  12 pg of Enz 42-X47- purified further by a 
high salt gradient centrifugation step; (D) 15 p g  of host enzyme 
purified by gradient centrifugation. The 0.1 sodium dodecyl 
sulfate-l2Y, polyacrylamide gels were run, stained, and scanned as 
described under Materials and Methods. The small band observed 
in B, that migrates slightly faster than “22,” was present in even 
higher concentration on gels of the protamine sulfate Enz 42-X55- 
fraction. It is possible that it is an amber peptide of “22,” but it has 
not been investigated furrher. It was never observed after gradient 
centrifugation of Enz 42-X55-. 

Specific Activities and Subunit Content of Enzymes at Dif- 
ferent Purification Stages. The specific activities of the two 
T4 enzymes have been compared with host enzyme with both 
calf thymus DNA and T4 DNA used as templates as shown 
in Table I. The values given are an average obtained with 
several preparations of each enzyme. The three enzymes are 
similar in their specific activities with calf thymus DNA as 
template at each purification stage. Calf thymus DNA has 
been found to be a template, the activity of which is little in- 
fluenced by the n content of RNA polymerase (Bautz and 
Dunn, 1969). The specific activity of host enzyme with T4 
DNA is similar to that with calf thymus DNA at each puri- 
fication stage. The activity of the T4 enzymes with T4 DNA 
at any one of the purification stages was sigmoidal with enzyme 
concentration at concentrations below 0.5 unit/0.2 ml of 
reaction mixture. (Figure 4 below shows an enzyme con- 
centration curve under the low salt assay conditions.) The 
activity with calf thymus DNA was linear a t  all enzyme con- 
centrations. The values (Table I) for the specific activities of 
the T4 enzymes with T4 DNA are given for enzyme con- 
centrations of 0.5-1 .O unitj0.2 ml of reaction mixture. With 
Enz 42-X47- and T4 DNA the specific activity at the first 
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DISTANCE FROM ORIGIN (crnl 

FIGURE 2 :  Densitometer scans of stained urea-sodium dodecyl 
sulfate-polyacrylamide gels of the two gradient-purified T4 en- 
zymes: (A) 20 pg of Enz 42-X47-; (B) 20 pg of Enz 42-X55-. The 
urea-sodium dodecyl sulfate gels were run as described under 
Materials and Methods. 

two purification stages is about 0.4 that of host enzyme, 
and after gradient centrifugation it is about 0.25 that of host 
enzyme. With Enz 42-X55-, the values of specific activity 
with T4 DNA are slightly higher than those for Enz 42-X47-. 
The reactions of all three enzymes are linear with time up to 
10 min. No  major differences in DNA concentration curves 
have been found. 

Host enzyme contains about 0.6 equiv of u at the protamine 
sulfate and DEAE-cellulose stages of purification and some- 
what less (0.4 * 0.1 equiv) after gradient centrifugation. The 
contents of the u band and the new small binding proteins 
of Enz 42-X47- and Enz 42-X55- at the different purification 
stages are shown in Table 11. Densitometer scans of typical 
gels from which the measurements were made are shown in 
Figures 1 and 2. There was no change in the content of 0, p‘ ,  
a, and o (the conserved host subunits) of T4 enzymes (Stevens, 
1972). As shown in Table 11, both T4 enzymes at the prot- 
amine sulfate step contain, per enzyme molecule, 0.4 + 0.1 
equiv of a protein migrating like u on gels. In spite of some 
losses, the DEAE-cellulose purified enzymes still contain 
substantial amounts of a u band (Figures 1A and 1B). The 
activities of both T4 enzymes with T4 DNA (Table I) are 
lower than that of host enzyme even though they contain 
substantial amounts of a CT band. About one-half of the u 
band of both T4 enzymes is lost on density-gradient centrif- 
ugation (see Enz 42-X47-in Figure IC). 

Of the new small binding proteins, only “10” is lost on 
purification of the T4 enzymes. Very small amounts of “22” 
are lost (from Enz 42-X47-) on gradient centrifugation, but 
“15” and “12” remain the same in amount throughout the 
purification steps as determined by urea-sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (Figure 2). The 
loss of “10” suggests that it binds poorly to the T4 enzymes 
and evidence has been presented previously (Stevens and 
Crowder, 1974) that it binds better to host enzyme, thus ac- 
counting for its detection in the labeling experiments in 
which the small binding proteins were first found (Stevens, 
1972). 

The activities and subunit content of different fractions of 
Enz 42-X47- and Enz 42-X55- from the DEAE-cellulose 
column have been determined. The ratio of calf thymus 
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FIGURE 3: Sedimentation profile of Enz 42-X47- activities with calf 
thymus DNA and T4 DNA in a high-salt gradient (A) or a low-salt 
gradient (B). The centrifugations were carried out as described 
under Materials and Methods and aliquots of each fraction were 
assayed. Aliquots containing 5 units of activity (with calf thymus 
DNA) of gradient fractions 15, 17, and 19 of A were subjected to 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and 
the amounts of the different subunits were determined from densito- 
meter scans of the stained gels. In Figure lA, the amounts of u band 
and “22” in each of the three fractions are shown by the open col- 
umns and the shaded columns, respectively. The amount of o in 
fraction 15 was 0.23 equiv/enzyme molecule, and the amount of 
“22” was 0.70 equiv/enzyme. The values in fractions 17 and 19 are 
plotted relative to values in fraction 15. 

DNA/T4 DNA activity remains the same through the enzyme 
peak, and no significant separation of enzyme fractions con- 
taining different small proteins was found. Measurements of 
the activity of Enz 42-X47- density-gradient fractions with 
both calf thymus DNA and T4 DNA are shown in Figure 3. 
Figure 3A is a 0.4 M KC1 gradient and Figure 3B is a 0.05 M 
KC1 gradient. While the high salt gradient showed no signifi- 

/ 

/ 
/ 

0 5 10 
EN2 42-x 47‘ 1 2 4 )  

FIGURE 4: Enzyme concentration curves of Enz 42-X47- with T4 
DNA at different KCl concentrations. The reaction mixtures were 
as described under Materials and Methods and contained the con- 
centration of KCl shown. 
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FIGURE 5 : EtFect of KCl concentration on the activities of Werent 
enzymes. The reaction mixtures were as described under Materials 
and Methods; T4 DNA was used, except in A, curve 4, which was 
done with calf thymus DNA. KCl was present in the reaction mix- 
tures before enzyme addition except in the case of 0. In the latter 
case, KC1 and [14C]ATP were added after a 2-min incubation period 
with the four unlabeled nucleotides: (A) (0) Enz 42-X47-, 4 pg; 
(0) Enz 42-X55-, 4 pg; (A) host enzyme, 2.5 pg; (A) Enz 42-X47-, 
4 pg;  (D) Enz 42-X47-, 5 p g ;  (B) (0) Enz 42-X47- core enzyme, 4 
p g ;  (0) Enz 42-X55- core enzyme, 4 pg; (A) host core enzyme, 2.5 
PB. 

cant variation in the ratio of calf-thymus DNA activityp4 
DNA activity through the enzyme peak, both the u band and 
“22” protein are concentrated toward the heavier side of the 
enzyme peak (Figure 3A). The low salt gradient showed no 
separation of activities, but it did show that Enz 42-X47- 
dimerizes in the low salt solution as does host enzyme (Richard- 
son, 1966; Stevens et al., 1966). 

Effect oj’ Salt (KCI) Concentration on rhe Activities of the 
Enzymes. KCl, at  concentrations from 0.1 to 0.25 M, stimulates 
the reaction of host enzyme with T4 DNA as a template. Its 
effects have been shown to involve both the initiation and 
termination steps of RNA synthesis and have recently been 
studied by Schafer ef a[. (1973), Schafer and Zillig (1973), 
and Matsukage (1972), who also review previous studies of 
others. In sharp contrast to the salt stimulation of host en- 
zyme with T4 DNA, the T4 enzymes are inhibited by high 
KC1 concentration. In Figure 4 it can be seen that, at all 
enzyme concentrations, Enz 42-X47- is inhibited by KC1 
concentrations above 0.1 M. The effect is more pronounced 
at higher enzyme concentrations. Figure 5A, curves 1-3, 
shows the effect of KC1 concentration on the activities of the 
three enzymes with T4 DNA. Host enzyme is stimulated by 
KCI concentrations up to 0.2 M and slightly inhibited at  0.3 M. 
Enz 42-X47- and Enz 42-X55-, at the enzyme concentra- 
tions shown in Figure 5A, are little affected by 0.1 M KC1 and 
inhibited about 70% by 0.2 M and >90% by 0.3 M. The effect 
of KC1 on Enz 42-X47- activity with calf thymus DNA is 
shown in Figure 54, curve 4. The activity is slightly stimu- 
lated at  0.1 and 0.2 M, and reduced slightly at  0.3 M. Curve 5 
of Figure 5A shows that when KC1 at 0.3 M is added to an 
Enz 42-X47- reaction mixture 2 min after the start of the 
reaction, it does not inhibit the reaction. This result suggests 
that KC1 inhibits at  the initiation step, but certainly further 
studies are necessary to clarify its inhibitory activity. The 
effect of salt on the three core enzymes obtained by phos- 
phocellulose Chromatography, described below, is shown in 
Figure 5B. The same inhibition is found as with the holo- 
enzymes. 

Phosphocellulose Column Chromatography. SPECIFIC AC- 

summary of the activities and subunit content of the enzymes 
before and after phosphocellulose column chromatography 
is presented in Table 111. The results with host enzyme are 

TIVITIES AND SUBUNIT CONTENT OF THE CORE ENZYMES. A 
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TABLE III : Activities and Small Binding Protein Content of Enzymes before and after Phosphocellulose Chromatography. 
~~ 

Enzyme 

Sp Act. 
with Calf Sp Act. 
Thymus with T4 

Subunit Content‘ 

DNA DNA U “22” “15” “12” “lo” 

Host, gradient 
purified 

Enz 42-X47-, 
gradient 
purified 

Enz 42-X55-, 
gradient 
purified 

Enz 42-X47-, 
protamine 
sulfate 

Before 
After 
Before 
After 

Before 
After 

Before 
After 

450 
250 
450 
450 

450 
400 

21 5 
200 

450 
30 

105 
50 

140 
30 

100 
50 

0 .5  f 0 . 1  
<O.  05 

0.17 =t 0.05 0 . 5  f 0 . 1  1 f 0 . 1  0 . 2 f  0 . 1  <0.05 
<o.  05 0 . 4 f  0 . 1  1 f 0 .1  b b 

0.15 =k 0.05 1 & 0.1 0 . 2  f 0 . 1  b 
< O .  05 1 f 0 . 1  b b 

0 . 4 i 0 . 1  0 . 6 f O 0 . l  l f 0 . 1  0 . 2 f 0 . 1  0 . 5 i 0 . 1  
< O .  05 0 . 2  3z 0 . 1  1 f 0.1 b b 

a The subunit content is expressed as equivalents per enzyme molecule and was determined as described in Table 11. Not 
detectable on gels of 20 pg of enzyme. 

similar to those described by others (Burgess et a/., 1969; 
Berg et ul., 1971). u is found in the unadsorbed fraction, and 
the core enzyme, eluted with 0.4 M KCl, has about 60% 
residual activity with calf thymus DNA and less than 10% 
with T4 DNA. With gradient-purified T4 enzymes, the major 
portions of U ,  “12,” and residual “10” are found in the un- 
adsorbed fraction. “15” and most of “22” (in the case of 
Enz 42-X47-) remain bound to the core enzymes. When 
Enz 42-X47- is chromatographed after either the protamine 
sulfate step or the DEAE-cellulose step, most of “22” is also 
found in the flow-through fraction. The different affinity of 
“22” for core enzyme at the different purification stages may 
be related to the u or “10” content of the holoenzyme. Enz 
42-X47- core enzyme with calf thymus DNA as template 
has a specific activity similar to that of the holoenzyme and 
5Oz residual activity with T4 DNA. Enz 42-X55- loses 
little activity with calf thymus DNA, but its specific activity 
with T4 DNA is reduced to the level of host core enzyme. 
Enz 42-X47- core enzyme consistently has a 1.5- to 2-fold 
higher specific activity with T4 DNA than do host or Enz 
42-X55- core enzymes. 

ANALYSES OF RNA PRODUCTS MADE WITH HOLOENZYME AND 

CORE ENZYME FRACTIONS. Previous studies by other investi- 
gators showed that host holoenzyme with mature T4 phage 
DNA as a template synthesizes asymmetric early T4 mRNA 
(Geiduschek et a/., 1966; Bautz et a/., 1969; Brody et al., 
1970) transcribed from the 1 strand of T4 DNA (Guha et al., 
1971). With host core enzyme, symmetric RNA is the product 
because loss of the initiation specificity factor, U ,  results in 
random initiation on both strands of the T4 DNA molecule 
(Bautz et a/.,  1969). Studies on the type of RNA product 
formed with T4 enzymes have also been reported by Bautz 
et cd. (1969) and Hall et u/ .  (1970). Using T4 enzymes which 
contained no detectable a activity, but which presumably 
contained the small binding proteins that were later described, 
they found that the RNA products produced with T4 DNA 
as a template were quite symmetric. On the other hand, Travers 
(1970b). using a T4 enzyme which contained some u, as 
detected by gel electrophoresis, found that the RNA product 
formed was principally asymmetric early T4 mRNA. 

Studies that we have done using different T4 enzyme prep- 
arations show that the symmetry of the RNA product is 

influenced by the a-band content of the preparations. Enz 
42-X47- preparations usually yield symmetric RNA prod- 
ucts unless the a-band content is high. Some o€ these results 
have been reported previously (Stevens and Crowder, 1974). 
Results of RNA product analyses are presented in Table 1V 
for three holoenzyme preparations and three core enzyme 
preparations. The T4 holoenzymes each contained about 0.1 5 
equiv of u as shown by gel electrophoretic analyses. Both 
the’ percentage of late T4 mRNA, determined by competition 
hybridization analyses, and the antimessenger content (sym- 
metry) of the RNA products were determined. The results 
show that Enz 42-X47-, as compared to host holoenzyme, 
yields an RNA product which is quite symmetric, i.e., high 
in antimessenger content. Enz 42-X55- yields a product with 

~ 

TABLE I V :  Analyses of RNA Products for Late T4 mRNA 
and for Antimessenger Content .‘ 

Anti- Anti- 
messenger messenger 
[5-min T4 [20-min T4 Late T4 

mRNA RNA] RNA] 
Enzyme ( %> ( %) ( z) 

Host holoenzyme 2 2 11 

Enz 42-X55- holoenzyme 7 10 15 
Host core enzyme 17 35 45 
Enz 42-X47- core enzyme 22 35 41 
Enz 42-X55- core enzyme 19 38 48 

Enz 42-X47- holoenzyme 25 31 38 

a [14C]RNA products were prepared by use of reaction 
mixtures containing the following components: [ CJATP, 
0.25 mM (30,000 cpmjnmol); UTP, CTP, and GTP, 0.25 mM 
each; Tris buffer (pH 7.8), 20 mM; MgC12,lO mM; 2-mercapto- 
ethanol, 10 mbi; T4 DNA, 22 pg; and 8 pg of each holoenzyme 
or 15 pg of each core enzyme in a final volume of 0.5 ml. 
After incubation for 15 min at 37”, the labeled RNA products 
were isolated as described by Bolle et al. (1968a) and the 
percentages of late T4 mRNA and of antimessenger content 
were determined as described under Materials and Methods. 
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FIGURE 6.  Effect of the u-containing fraction of host enzlme on the 
actirities of Enz -12-X47- and Enz 42x55- holoenzymes. The re- 
action mixtuIes were as described under Materials and Methods. 
The o-band content of the fraction used here was about 70%, as 
determined b) gel electrophoresis: (A) Enz 42-X47-, 1 4  pg, with 
T4 D N A ,  (0) 0 02 \I KC1, (0) 0 15 hi KC1, (B) Enz 12-X55- 1 2 
pg h i t h  T1 D N A ,  (0) 0.02 hf KC1, (0 )  0 15 hl KC1 

more symmetry than that made by host enzyme, but con- 
siderably less than that made by Enz 42-X47-. A very sym- 
metric product is obtained with all three core enzymes (Table 
IV). The percentage of late T4 mRNA content of the RNA 
products was in all cases less than the percentage of anti- 
messenger RNA competing with 5-min T4 mRNA. Since 
both would be formed by transcription of the r strand of 
T4 DNA (Guha et ul., 1971), random initiation events lead- 
ing to the production of the late T4 RNA cannot be dis- 
tinguished from specific initiation events. The results showed 
that Enz 42-X47- is more corelike in activity than Enz 
42-Xjj- with respect to the RNA product made, which sug- 
gests that, compared to Enz 42-X55-, the activity of u is 
reduced on Enz 42-X47-. 

EVIDENCE FOR AX ALTERED u ACTIVITY OF THE ~4 ENZYMES. 

That the u activity of the T4 enzymes might be altered was 
suggested by their low activities with T4 DNA, even at early 
purification stages when their u-band content appeared high 
on gels. Also, the corelike activity of Enz 42-X47- (Table IV) 
suggested a modified u activity. Some studies demonstrating 
an altered u function are described here. 

Assays of u-containing (unadsorbed) fractions and core 
enzlme fractions of gradient-purified host enzyme? Enz 
42-X47-. and Enz 42x55-  were carried out. First, the effect 
of host u on the T4 holoenzymes was tested. The results, 
shown in Figure 6A for Enz 42,-X47-, show that the enzyme 
is quite resistant to stimulation by low concentrations of u at 
low salt, while stimulation is found with low concentration at 
high salt. Enz 42-X55-, under the same conditions (Figure 
6B), is stimulated by low concentrations of host u at both low 
and high salt concentration. 

The efects of all three unadsorbed fractions on the activities 
of the three core enzyme fractions with T4 DNA as template 
were examined. Some of the results with the u-containing 
fractions of Enz 42-X47- and host enzyme have been de- 
scribed previously (Stevens, 1973). At low salt (0.03 M KCl), 
the stimulations of core enzyme activity obtained with the 
unadsorbed fractions of Enz 42-X47-, Enz 42-X55-, and 
host eiizyme are shown in Figures 7A, 7B, and 7C, respec- 
tively. Thc unadsorbed fraction of Enz 42-X47- wdS the least 
srimulatory to all three core enzymes and the unadsorbed 
fraction of host enzyme was the most stimulatory. The un- 
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FIGURE 7: (A) Effect of the unadsorbed fracrion of Enz 42-X47- on 
the activities of Enz 42-X47-. Enz 42-X55-, and host core enzymes. 
The reaction mixtures were as described under Materials and 
Methods, with T4 D N A  and 0.03 hi KC1. The CJ content of the un- 
adsorbed fraction was about 40%, as determined by gel electro- 
phoresis: (0-0) Enz 42-X47- core enzyme, 3 pg; (0-0) Enz 42-X 
55- core enzyme. 4 pg; (A-A) host core enzyme, 4 pg. (B) Effect of 
the unadsorbed fraction of Enz 42-X55- on the activities of Enz 
42-X47-, Enz 42-X55-, and host core enzymes. The reaction mix- 
tures and designations are the same as in A. The u content of the 
unadsorbed fraction was about 40%, as determined by gel electro- 
phoresis. (C) Effect of the unadsorbed fraction of host enzyme on 
the activities of Enz 42-X47-, Enz 42-X55-, and host core enzymes. 
The reaction mixtures and designations for the assals a t  0.03 si 
KCI concentration are the same as in A .  Reaction mixtures with 0.15 
M KCI are designated as follows: (0---0) Enz 42-X47- core enzyme; 
(0-0) Enz 42-X55- core enzyme; (A---A) host core enzyme. The u 
content of the unadsorbed fraction was about 70%. as determined 
by gel electrophoresis. 

adsorbed fractions alone had negligible activity. In the pres- 
ence of higher KCI (0.15 M), the fold stimulation of activity 
obtained with Enz 42-X47- and Enz 42-X55- unadsorbed 
fractions remained about the same, but the host u fraction 
stimulated all three core enzymes better at 0.15 M KCI (Figure 
7C, dashed lines). 

Enz 42-X47- and Enz 42-X55- unadsorbed fractions were 
also added to reaction mixtures of the core enzymes with host 
u. At low salt (0.03 M KCl), Enz 42-X47- unadsorbed fraction 
was inhibitory to the host a-stimulated activity of both T4 
core enzymes, with Enz 42-X47- being inhibited slightly more 
(Figure 8A). The unadsorbed fraction of Enz 42-X55- also 
inhibited the host u-stimulated activity of Enz 42-X47-, and 
from a comparison of its effects on Enz 42-X55- core enzyme 
and host core enzyme, it is also inhibitory to Enz 42-X55- 
core enzyme (Figure 8B). At 0.15 M KC1, the host u-stimulated 
activity of a11 three core enzymes was inhibited by small 
amounts of the unadsorbed fraction of Enz 42-X47- (Figure 
8C). At the higher salt concentration, the unadsorbed fraction 
of Enz 42-X55-- also inhibited the activity of all three core en- 
zymes in the presence of host u. All the studies shown in 
Figures 7 and 8 were done with less than a stoichiometric 
amount of being used. The percentages of inhibitions shown 
in Figure 8 were reduced by about one-third when the host c 
concentration was doubled. Using higher concentrations of 
both host u fraction and Enz 42-X47- unadsorbed fraction, 
preincubation (for 2-3 min at 37") of core enzymes with host 
u in reaction mixtures lacking CTP was found to decrease the 
percentage of inhibition more than one-half. More extensive 
kinetic studies of the inhibition have not yet been done. 

Phosphocellulose unadsorbed fractions of the T4 enzymes 
at the protamine sulfate or the DEAE-cellulose stage of puri- 
fication also contained the inhibitory material. The inhibitor 
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sedimented to the same position as u upon gradient centrifuga- 
tion, suggesting that it is an altered u, or that it binds to u, but 
further studies of its nature are needed. With most enzyme 
preparations that have been examined, the unadsorbed frac- 
tion of Enz 42-X47- contained more of the inhibitory material 
than did that of Enz 42-X55-. Enz 42-X47- core enzyme 
appeared to be slightly more sensitive to the inhibitor also, 
particularly at low salt (Figure 8A) so it is possible that Enz 
42-X47- has a greater affinity for the inhibitory material. 

Discussion 

Answering the questions asked in the introductory state- 
ment will best serve to summarize the many types of results 
presented here. 

(1) What is the a-band content of the enzymes at the dif- 
ferent purification stages? Host enzyme has 0.4-0.6 equiv of 
u/enzyme molecule, with small amounts being lost on gradient 
centrifugation, as has also been found by Berg et al. (1971). 
Both of the T4 enzymes described here contain a protein that 
migrates similarly to u on gel electrophoresis, and that, upon 
gradient centrifugation, is reduced in content by about one- 
half. 

(2) What is the small binding protein content at  the different 
purification stages? “15” is present on both T4 enzymes at  a 
concentration of approximately 1 equiv/enzyme molecule at  
all the purification stages, and it remains bound to the core 
enzymes on phosphocellulose chromatography. “12” is 
present on both enzymes at an approximate concentration of 
0.2 equiv/enzyme molecule at all the purification stages, and 
is found in the unadsorbed fraction on phosphocellulose chro- 
matography. “10” is lost drastically from both enzymes dur- 
ing the purification procedure, particularly on density gra- 
dient centrifugation. “22.” which is found only on Enz 
42-X47- (and not orL Enz 42-X55-), is present at  a concentra- 
tion of -0.6 equivlenzyme molecule, and most of “22” re- 
mains bound to the core enzyme on phosphocellulose chro- 
matography of gradient-purified Enz 42-X47-. On phospho- 
cellulose chromatography of Enz 42-X47- at the prot- 
amine sulfate or IIEAE-cellulose steps of purification, a 
higher percentage (:.50x) of “22” is found in the unadsorbed 
fraction. It is possible that the binding of “22” is influenced 
by the amount of u and/or “10” on the enzyme. 

(3) Do the T4 enzymes differ from host enzyme in any way? 
In contrast to host enzyme, the T4 enzymes have a consistently 
lower activity with T4 DNA than with calf thymus DNA, even 
at early purification stages when their u band content appears 
to be almost as high as that of host enzyme. The u-contain- 
ing fractions obtained by phosphocellulose chromatography 
of the T4 enzymes are less stimulatory to core enzyme frac- 
tions than host u, and can be shown to inhibit the host u 
stimulation of core enzyme activity. The activities of the T4 
enzymes with T4 DNA are inhibited by KC1 concentrations 
above 0.1 M while host enzyme is stimulated by KC1 up to a 
concentration of at least 0.2 M. Crouch et a/ .  (1969) reported 
that a polymerase fraction from T4-infected cells was in- 
hibited by 0.2 M KC1. The salt sensitivity and sigmoidal con- 
centration curves of the T4 enzymes suggest that the enzymes 
are more stable or more active with T4 DNA as template 
under conditions favoring dimer formation. 

(4) Do the two T4 enzymes differ from each other in any 
way? The significance of the differences between the two T4 
enzymes described here cannot really be evaluated until more 
T4-infected systems are analyzed, or until the proteins in- 
volved in making the enzymes different are purified and ana- 
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FIGURE 8: (A) Effect of the unadsorbed fraction of En2 42-X47- on 
the host u-stimulated activity of the three core enzymes at 0.03 M 
KC1. The reaction mixtures were as described above. Host u frac- 
tion, 0.15 pg, was present. Other details and designations are similar 
to those given in Figure 7A. (B) Effect of the unadsorbed fraction 
of Enz 42-X55- on the host a-stimulated activity of the three core 
enzymes at 0.03 M KCI. Reaction mixtures and designations are as 
described under Figure 7B. Host u fraction, 0.15 pg, was present in 
each reaction mixture. (C) As in A, but using 0.15 M KCI in the re- 
action mixtures. 

lyzed. We find that Enz 42-X47- differs slightly from Enz 
42-X55- in the content of the inhibitor of host u-stimulated 
core enzyme activity, and in its response to the inhibitor. The 
greater inhibition of Enz 42-X47- is apparently reflected in its 
lower activity with T4 DNA, in its lower degree of stimulation 
by host u, and in its more symmetric RNA product made 
with T4 DNA as template. 

In looking at the overall results, the following fact is evi- 
dent. The u subunit of E .  coli RNA polymerase has such a 
dramatic effect on the activity of the enzyme with T4 DNA as 
a template that almost all the results one obtains with u-con- 
taining enzyme systems can be related in some manner to u 
activity. The finding of varying amounts of u on polymerase 
fractions isolated from different T4 phage-infected systems, as 
described in the introductory statement, is most probably 
related to the different purification techniques used. The results 
presented here suggest that u is not bound as tightly to the 
T4 enzymes since more of it is lost on density gradient cen- 
trifugation. The inhibitor of host u activity is being purified 
and, until it is identified, it is difficult to evaluate some of the 
results presented here. The results suggest that the inhibitor 
may be an altered u, perhaps because of binding of some mate- 
rial. That the presence of the material causes no new initiation 
specificity with mature T4 phage DNA as a template, but in- 
hibits a-promoted early T4 mRNA formation, is suggested 
by the type of RNA products made with the T4 enzymes. It is 
possible that a u alteration could result from in citro handling 
of the T4 enzymes. Even if it is an artefact of purification, it is 
still of interest because of its influence on studies of the T4 
enzymes. The inhibitor may be similar to the anti-u activity 
reported in T2 or T4 phage-infected systems by Bogdanova 
et al. (1970) and by Khesin et a/ .  (1972). They found that the 
polymerase-free protein fraction containing anti-u activity 
rendered host core enzyme a less effective competitor of host 
holoenzyme for T4 DNA binding sites. They have suggested 
that the anti-u activity may play an important role in the 
phage-infection cycle by inhibiting the host u stimulation of 
early T4 mRNA synthesis, thus allowing the polymerase or a 
fraction of it to participate in the formation of late T4 mRNA. 
Khesin et al. (1962), Skold and Buchanan (1964), and Furth 
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and Pizer (1966) have all reported the presence of an inhibitor 
of RNA polymerase activity in crude extracts of T4-infected 
cells. Mahadik et a/. (1972) have described an anti-u activity 
in T3 phage-infected extracts. 

The complex changes that occur in the host polymerase 
after T4 infection make analyses of the functions of the new 
small proteins difficult. It is possible that some of the changes 
may be interrelated, e.,q., the small proteins may act as trans- 
peptidases to modify the larger host subunits. A possible 
binding interaction of “22” and the u band of Enz 412x47- is 
suggested by the findings that on gradient centrifugation of 
Enz 42-X47- the faster sedimenting enzyme fractions contain 
both and “22,” that “22” is removed along with u from core 
enzyme on phosphocellulose chromatography of enzyme 
fractions that contain substantial amounts of u, and that the 
content of inhibitory material sedirnenting like CT is higher in 
concentration and more active on the enzyme containing “22.” 

Of particular interest is the question of whether the highly 
modified T4 polymerase does transcribe late T4 mRNA. 
Certainly, that it binds the gene 33 and probably the gene 55  
products (Stevens, 1972; Horvitz, 1973), both implicated in 
late T4 mRNA synthesis in cico (Bolle et al., 1968b; Pulitzer, 
1970; Pulitzer and Geiduschek. 1970), suggests that the en- 
zyme is involved. Only with crude lysate fractions from T4- 
infected cells, similar to the fractions described by Snyder and 
Geiduschek (1968), have we been able to demonstrate a stimu- 
lation of asymmetric late T4 mRNA formation using the T4 
enzyme. These results will be reported elsewhere. 
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Physical Identity of the SV40 Deoxyribonucleic Acid 
Sequence Recognized by the Eco R I  Restriction 
Endonuclease and Modification Methylaset 

Achilles Dugaiczyk,* Joe Hedgpeth, Herbert W. Boyer, and Howard M. Goodman 

ABSTRACT: The Eco RI  modification methylase introduces 
two methyl groups into one SV40 DNA molecule. The only 
base methylated has been identified as N6-methyladenine. 
Both of the methyl groups are introduced into the same frag- 
ment (designated F, about 400 base pairs long) of a Hind I1 
endonuclease digest of SV40 DNA. The Eco R I  endonuclease 
makes one double-strand cleavage in SV40 DNA. The site of 
this cleavage is also contained within the Ffragment. Analysis 
of dinucleoside monophosphates, trinucleoside diphosphates, 
and tetranucleoside triphosphates generated by partial diges- 
tion of the methylated DNA with pancreatic DNase 1 gives the 
following sequence of nucleotides at the site of methylation 
by the Eco RI methylase: GpApm6ApTpTpC. This sequence 
(with A in place of m6A) is also found at the site of phospho- 
diester-bond cleavage by the Eco RI restriction endonuclease. 

R estriction endonucleases and their related modification 
methylases are enzymes that recognize and react only within 
well-defined base sequences in double-stranded DNA mole- 
cules (Kelly and Smith, 1970; Hedgpeth et a/., 1972; Boyer 
et al., 1973). It has been postulated that the two enzymes react 
with the same substrate site (Arber and Linn, 1969; Boyer, 
1971 ; Meselson et a/., 1972) although there is some suggestion 
that this might not be true for all restriction enzymes (Horiuchi 
and Zinder, 1972). Similarities between the DNA sequence 
cleaved by the ECCI R11 endonuclease' and methylated by the 
Eco RII methylase have been reported recently (Boyer er ai., 
1973). 

-__ 
t From the Departments of Biochemistry and Biophysics, and 

Microbiology, University of California Medical Center, San Francisco, 
California 94143. Receiced July 25, 1973. This investigation was sup- 
ported by U. s. Public Health Service Grants CA 14026 and GM 14378, 
American Cancer Society Grant No. NP-l12A, Cancer Research Funds 
of the University of California, and University of California MSC 
No. 30 Hampton Fund. J. H. was a fellow of the Giannini Foundation. 

1 The Eco RI enzymes are controlled by anfi' R factor in Escherichia 
coli and the Eco RII enzymes by a n p -  R factor. The Hind I1 restriction 
endonuclease is the enzyme from Hemophilus influenzae isolated as 
described by Smith and Wilcox (1970). The abbreviations of species 
names are those proposed by Daiina et  a[ .  (1973). The symbols A, T, G, 
and C without a preflx are deoxynucleotides; m6A is N6-methyldeoxy- 
adenosine. Short DNA sequences containing a radioactive phosphorus 
will be represented by placing the atomic mass number (32) not at the 
atomic symbol (PI but rather directly at the symbol (p). For example, 
pG3ZpA is a dinucleoside diphosphate having a 3?P-labeled phosphate 
at the internal position. 

Using [-p32P]rATP and polynucleotide kinase, SV40 DNA has 
been labeled in each strand with 32P specifically at the phos- 
phodiester bonds cleaved by the Eco R I  endonuclease. The 
DNA was polymerized at 4" by hydrogen bonding of the 
cohesive termini of the Eco R I  endonuclease break. The 
labeled 5 '-monophosphates at  the staggered single-strand 
breaks were esterified with the adjacent 3 '-hydroxyl groups by 
polynucleotide ligase at low temperature, and the covalently 
polymerized DNA was methylated by the Eco R I  modification 
methylase using S-adenosyl-~-[methyl-~H]methionine. Anal- 
ysis of the radioactive labels in the mono- and dinucleotides 
from a partial digest of this double-labeled DNA identifies 
physically the same sequence of base pairs in SV40 DNA as 
the substrate site for the Ecn RI endonuclease and for the 
Eco RI modification methylase. 

In SV40 DNA, the Eco R I  endonuclease makes only one 
double-stranded break (Morrow and Berg, 1972; Mulder 
and Delius, 1972) which is staggered in such a way that co- 
hesive termini are formed (Mertz and Davis, 1972). The se- 
quence of DNA base pairs adjacent to the phosphodiester 
bonds cleaved by this enzyme has been determined (Hedgpeth 
et a/., 1972). Here we present analysis of the sequence of 
nucleotides adjacent to the adenosine methylated by the Eco 
RI modification methylase. This sequence is found to be 
chemically identical with the previously determined sequence 
recognized and cleaved by the Eco RI endonuclease (Hedgpeth 
et a[., 1972). 

A DNA molecule may be a substrate either for a restriction 
endonuclease or modification methylase but not for both, 
since treatment with one enzyme renders the DNA insensitive 
to the other. Since the single-stranded termini of Eco RI re- 
stricted SV40 DNA have complementary base sequences, the 
linear molecules produced by digestion of closed circular 
SV40 DNA will reassociate under appropriate conditions, 
forming circular molecules or linear concatemers that will be 
substrates for polynucleotide ligase, an enzyme that catalyzes 
the esterification of single-stranded phosphodiester-bond 
scissions in a bihelical DNA molecule (Weiss et al., 1968a). 
Using this property, we have produced a DNA molecule that 
has been used as a substrate by both the Eco RI endo- 
nuclease and methylase. This DNA was used to demonstrate 
that the two enzymes recognize a single site in the SV40 
genome. 
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