
S K A R E .  N I L E S ,  A h D  S U M M E R S  

J. (1951), J .  Biol. Chem. 193, 265. 
Minkley, E., and Pribnow, D. (1973), J .  Mol. Biol. 77, 255. 
Siegel, R. B., and Summers, W. C. (l970),  J .  Mol. Biol. 49, 

Skare, J., Niles, E. G., and Summers, W. C. ( 1  974), Biochem- 

Staynov, D. Z . ,  Pinder, J .  C., and Gratzer, W. B. (1972), Na- 

Studier, F. W. (1973), J .  Mol. Biol. 79, 237. 
Studier, F. W., and Maizel, J .  V. ( I  969), Virology 39, 575. 

115.  

istry 13, 3912. 

ture (London), New Biol. 235, 108. 

Summers, W. C. (1969), Virology 39, 75. 
Summers, W. C., Brunovskis, I., and Hyman, R. W. (1973), J ,  

Summers, W. C., and Siegel, R. B. (1970), Nature (London) 

Summers, W. C., and Szybalski, W. (1968), Virology 34, 9. 
Weber, K., and Osborn, M. (1969), J .  Biol. Chem. 244,4406. 
Yamamoto, K. R., Alberts, B. M.,  Benzinger, R., Lawhorne, 

Yphantis, D. (1964), Biochemistry 3, 297. 

Mol. Biol. 74, 29 1. 

228, 1160. 

L., and Treiber, G. ( 1  970), Virology 40, 734. 

Localization of the Leftmost Initiation Site for T7 Late 
Transcription, in Vivo and in Vitrof 

James Skare, Edward G .  Niles,* and William C.  Summers 

ABSTRACT: T7 R N A  polymerase transcribes the late region of 
the T7 genome in vitro and in vivo. The strongest leftmost initi- 
ation site on the T7 DNA for late transcription has been local- 
ized by a multistep hybridization enrichment technique utiliz- 
ing both in vivo and in vitro late T7 mRNA and T7 DNA with 
deletions from 2.9 to 7.0% and from 15.2 to 23.5% from the left 
end of the T7 DNA. These hybridization results are compared 
to electron microscopic heteroduplex analysis of hybrids con- 

I n  vivo and in vitro, transcription of bacteriophage T7 can be 
divided into two classes. The early region, from 1 to 20% from 
the left end of the T7 DNA, is transcribed by host R N A  poly- 
merase (Siegel and Summers, 1970; Hyman, 1971). The tran- 
script is processed by ribonuclease 111 into discrete monocistro- 
nic mRNAs (Dunn and Studier, 1973a,b; Nikolaev et al., 
1973). The late region of the T7 DNA is transcribed by T7 
R N A  polymerase, the product of T7 gene I (Summers and Sie- 
gel, 1970; Chamberlin et al., 1970). I n  vitro, seven major T7 
late R N A  species are synthesized which vary in molecular 
weight from 0.27 X I O 6  to 3-5 X I O 6  daltons (Golomb and 
Chamberlin, 1974a; Niles et al., 1974). Evidence exists that 
the largest T7 late RNAs may also be cleaved by ribonuclease 
111 ( D u m  and Studier, 1973a). 

Analysis of in vivo T7 R N A  and protein synthesis (Summers 
et ai., 1973; Studier, 1973) shows that genes 0.3, 0.7, 1, 1. I ,  
and 1.3 (Figure 1) are early functions whose genes are tran- 
scribed by the Escherichia coli R N A  polymerase. The remain- 
der of the T7 genes are transcribed by the T7 R N A  polymer- 
ase. However, gene 1.3 (DNA ligase) is unusual in that its pro- 
tein continues to be made a t  times when the other early pro- 
teins are no longer made. Studier (1972) has suggested that 
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structed from T7 right-strand DNA and total late T7 in vitro 
RNA. Both methods yield the conclusion that the strongest 
leftmost initiation site for T7 RNA polymerase lies to the left 
of gene 1.3, at  about 15% from the left end of the T7 DNA. In 
addition, from the heteroduplex analysis of the in vitro T7 late 
RNA and the T7 right-strand DNA, it is apparent that the 
total late region is transcribed in vitro by T7 R N A  polymerase. 

gene 1.3 might be transcribed by both the E. coli and the T7 
R N A  polymerase. I f  this is true, the leftmost initiation site for 
late transcription is to the left of gene 1.3. 

In  order to identify the strongest leftmost initiation point for 
late transcription, multistep hybridization experiments have 
been carried out using T7 late RNA synthesized both in vivo 
and in vitro, and T7 DNAs which are deleted from 2.9 to 7.0% 
and from 15.2 to 23.5% from the left end of the T7 DNA. To 
corroborate these experiments, and to determine if the total 
late region of the T7 DNA is transcribed in vitro by T7 R N A  
polymerase, electron microscopic measurements of heterodu- 
plex molecules between in vitro T7 late RNA and T7 right. 
strand D N A  heteroduplex molecules have been made. 

The results of the two techniques demonstrate that late tran- 
scription, catalyzed by T7 R N A  polymerase, begins to the left 
of gene 1.3 at  about 15% from the left end of the T7 DNA. 
Furthermore, the whole late region of the DNA is transcribed 
in vitro. 

Materials and Methods 

Strains. Growth and purification of T7 have been previously 
described (Yamamoto et al., 1970). T7+, T7 deletions H I ,  
LG3, LG26, and LG37, a generous gift from F. W. Studier, 
have also been described (Summers et al., 1973; Simon and 
Studier, 1973). 

T 7  R N A  Polymerase, The isolation of T7 RNA polymerase 
has been described in detail by Niles et al. (1974). The proce- 
dure yields electrophoretically pure enzyme free from contami- 
nating nuclease activity. During the purification, chromatogra- 
phy of the enzyme on phosphocellulose yields three activity 
peaks. The activity peak which elutes at about 0.38 M KCI, ac- 



counting for about 80% of the T7 R N A  polymerase activity, 
was purified to homogeneity and used in these experiments. 

The R N A  synthesis mixture contained in 100 pl: 40 m M  
Tris-CI (pH 8), 20 mM MgC12, IO mM P-mercaptoethanol, 50 
l g / m l  of T7 DNA, 0.4 mM of each nucleoside triphosphate, 
and an appropriate amount of enzyme. [3H]UTP (IO pCi/ 
@mol) was employed in standard syntheses, and to assay T7 
R N A  polymerase activity, a 5O-pl aliquot of the mixture was 
adsorbed to a Whatman No. 3MM filter disk, followed by four 
washes in 5% cold trichloroacetic acid. The dry filter disks 
were counted by liquid scintillation methods. 

For large scale RNA synthesis, a 1-2-ml reaction mixture 
containing 10 pg/ml of rifampicin was used, and the product 
labeled either with [ I4C]ATP ( 1  pCi/pmol) or [3H]UTP (630 
pCi/pmol). Enough enzyme was added to incorporate 50% of 
the triphosphate in 15 min a t  37'C. 

R N A  Purification. In vivo late T7 R N A  was made as fol- 
lows. E. coli SY106 (20 ml), growing at 30' in K broth, was 
infected with T7 (m.0.i. = 10). Four minutes after infection, 4 
mg of rifampicin was added. At 9 min after infection, 400 WCi 
of [3H]uridine was added, and at 14 min after infection, the 
culture was poured onto crushed ice. R N A  was extracted as 
previously described by Summers ( 1  970). 

RNA-DNA Hybridization. The methods of hybridization 
using denatured DNA bound to membrane fibers (S&S, B6) 
followed those of B4vre and Szybalski (1971). All routine hy- 
bridization employed filters to which 20 p g  of heat-denatured 
DNA had been fixed. Under these hybridization conditions, 
the DNA was in excess. 

Electron Microscopy; R N A  Purification. For the heterodu- 
plex analysis of the RNA-DNA hybrid, it was necessary to re- 
move any double-stranded DNA from the in vitro T7 late 
RNA. The R N A  was precipitated from the reaction mixture 
by the addition of three volumes of 95% ethanol and left over- 
night a t  -20'. The precipitate was collected by centrifugation 
and the pellet was dissolved in 2 X SSC (0.30 M NaCI-0.03 M 
sodium citrate). Cs2SO4 was added to the R N A  solution to a 
concentration of 0.89 g/ml. 32P-Labeled T7 DNA (a gift from 
R. A. Ludwig) was added to mark the position of double- 
stranded DNA, and the solution was centrifuged for 24 hr to 
equilibrium at 32,000 rpm, 5' in a Beckman angle 40 rotor. 
Fractions (0.1 ml) were collected and the position of the 
[ ''C]ATP-labeled RNA and 32P-labeled DNA was determined 
by counting 5-pl aliquots of each fraction. The R N A  banded in 
Cs lS04 a t  a density of 1.65 g/cm3 and the DNA at 1.43 g/ 
cm3. The RNA fraction, free from contaminating double- 
stranded DNA, was dialyzed against 0.1 M Tris-CI (pH 8)- 
0.15 M NaCI-1 mM EDTA, to remove the Cs2SO4 and then 
frozen in separate aliquots at -20'. The homogeneity of the 
RNA was tested by gel electrophoresis according to Niles et al. 
(1974). This purified T7 I,ate RNA exhibited the expected six 
major bands with no evidence of degradation. 

T7 DNA Strand Separation and Purification. The comple- 
mentary strands of T7 DNA were separated by equilibrium 
density gradient sedimentation in the presence of poly(UG) as 
described by Summers and Szybalski ( 1  968). The right-strand 
DNA region was pooled and judged to be about 10% contami- 
nated with left-strand DNA. The pool was dialyzed against 10 
m M  Tris, 0.1 M NaOH, 0.15 mM NaCI, and 1 m M  EDTA and 
sedimented in a 5-20% sucrose density gradient in the same 
solvent for 2 hr, 5' a t  60,000 rpm in a SW 65.1 rotor. Frac- 
tions (0.1) were collected and the T7 right-strand DNA was lo- 
calized by reading the absorption a t  260 nm. This step serves to 
remove the poly(UG) and to select for intact right-strand 
DNA. 

I n  order to eliminate left-strand DNA contamination of the 
T7 right-strand DNA, the DNA pool was dialyzed against 0.1 
M Tris (pH 8)-0.15 M NaCI- 1 mM EDTA followed by dialysis 
against I M  NaCI-0.2 M Tris-CI (pH 8.5)-0.02 M EDTA-70% 
formamide (Hyman and Summers, 1972), for 16 hr a t  room 
temperature., During the latter dialysis, the left-strand DNA 
renatures with a portion of the right-strand DNA to form T7 
DNA homoduplex molecules. 

The remaining right-strand DNA was separated from the T7 
homoduplex by passage of the mixture over a 4-ml column of 
hydroxylapatite. The column was equilibrated with 0.14 M so- 
dium phosphate (pH 6.8) and the T7 DNA pool was dialyzed 
against the same buffer. An aliquot of 32P-labeled T7 DNA 
was added to the dialyzed DNA and the sample was applied to 
the column. The right-strand DNA was eluted with 0.14 M so- 
dium phosphate (pH 6.8). The duplex DNA was eluted with l 
M sodium phosphate (pH 6.8). 

The DNA containing fractions were localized by the absorp- 
tion a t  260 nm and by scintillation counting of the 32P-labeled 
T7 duplex DNA marker. Less than 10% of the duplex marker 
DNA was found in the right-strand single-strand DNA frac- 
tions. This results in  about a 1-2% contamination of the right- 
strand DNA by T7 homoduplex. The right-strand DNA was 
dialyzed for 16 hr at 4' against 0.1 M Tris-CI (pH 8)-0.15 M 
NaCI-1 mM EDTA, and stored at -20' in small aliquots. 

RNA-DNA Hybrid Construction. The hybrid consisting of 
unfractionated T7 late RNA made in vitro with T7 R N A  poly- 
merase and T7 right-strand DNA was constructed according to 
the method of Hyman and Summers (1972). T7 late RNA was 
added to right-strand DNA in a sixfold mass excess. The sam- 
ple was dialyzed against 1 M NaCI-0.2 M Tris-C1 (pH 8.5)- 
0.02 M EDTA-70% formamide, overnight at room tempera- 
ture. The reaction was terminated by dialysis into 0.1 M Tris- 
C1 (pH 8.5)-1 mM EDTA and the hybrid was stored in ali- 
quots a t  -20'. 

Electron Microscopy. The basic protein film technique of 
Davis et al. (1971) was employed to visualize the single- and 
double-stranded regions of the duplex. Circular dX174 R F  I1 
and single-strand 4x1 74 circular DNA molecules (a gift from 
Dr. G. N. Godson) were employed as length standards. Prior to 
spreading, the hybrid was treated with pancreatic ribonuclease 
(boiled for 3 min to remove deoxyribonuclease), 1 yg/ml, for 
20 min a t  0' to remove the nonhybridized RNA which other- 
wise forms large clumps and obscures the hybrids. The hybrid 
sample was diluted from 0.1 to 0.5 pg/ml in a 40% formamide 
solution and the sample was spread on a 10% formamide hypo- 
phase. The DNA containing film was picked up onto a parlo- 
dion coated grid, stained with uranyl acetate, and shadowed 
with 80% platinum-20% palladium. The hybrids were observed 
with an Hitachi 7 s  electron microscope. For data analysis, 
photographs of selected (see below) molecules were taken. 

Analysis of Heteroduplex Molecules. Hybrid molecules 
were chosen which appeared large in relation to the 4 x 1 7 4  
DNA standards, and exhibited an apparent single-strand re- 
gion somewhere along the DNA. About 50 molecules were 
photographed and the single- and double-stranded regions were 
traced using a Nikon Microcomparator. The lengths of the 
DNA were determined by comparison to the 6 x 1 7 4  DNA 
standards. For a given molecule, single- and double-stranded 
lengths were added starting from one end of the hybrid. The 
lengths of the single-stranded DNA portions of the hybrids 
were not corrected to that of the double-stranded DNA be- 
cause the ratio of the lengths of the R F  I 1  DNA to the single- 
stranded 4 x 1 7 4  DNA was 0.98, and this deviation was less 
than the error for the technique. Molecules which did not mea- 
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FIGURE 1: Genetic map of the early region of the T7 DNA. Distances 
are measured in per cent of genome length from the left end of the 
map. Gene numbers and their order are according to Simon and Stu- 
dier ( 1973). Gene 1 is T7 R N A  polymerase and gene 1.3 is DNA li- 
gase. Positions of deletions HI ,  LG3, LG37, and LG26 are indicated. 
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sure a t  least 22 X IO6 daltons were considered fragments and 
disregarded. Of the molecules measured, three appeared to be 
full  sized T7 homoduplexes and probably represent contamina- 
tion from the left-strand DNA. The remainder all had some 
single-strand region a t  one end. 

For a comparison of the lengths of the single-strand regions, 
all molecules could be aligned with the single-stranded end to 
the left. Of the 39 molecules which appeared full length, only 
two had single-stranded portions a t  both ends. 

To calculate the percentage of the 39 hybrid molecules 
which appeared single stranded over a given length, the num- 
ber of molecules which were single stranded over each 1% 
length of the DNA was divided by the total number of mole- 
cules analyzed. The data have been grouped into units of DNA 
length which equal 4% of the length of total T7 DNA. 

Results 

The objective of this investigation was to find which regions 
of the T7  DNA were transcribed by the T7 RNA polymerase 
in vitro and in vivo. We focused on the early region for the hy- 
bridization enrichment experiments by using deletion mutants 
of T7. T7 HI  (2.9-7.0%), T7  LG3 (15.2-19.2%), T7 LG37 
( 1  5.2-2 1 .O%), and T7  LG26 ( 1  9.1-23.5%) are represented in 
Figure 1. The numbers in parentheses represent the positions of 
the deletions measured from the left end of the DNA by DNA 
heteroduplex mapping with the electron microscope (Simon 
and Studier, 1973). 

The hybridization enrichment procedure (B@vre and Szybal- 
ski, 1971) depletes in vivo or in vitro synthesized T7 late 
mRNA of all sequences except those complementary to the re- 
gions deleted in the T7  mutants. For example, if we wish to de- 
plete the T7  late RNA of all sequences except those which 
could have been transcribed from 15.2 to 19.2%, we incubate 
the RNA solution with a nitrocellulose filter to which dena- 
tured DNA from T7 LG3 has been fixed. The RNA hybridizes 
to the filter with an efficiency of 50-80%. Since the RNA was 
transcribed from wild type T7, however, a portion of the RNA 
may have been transcribed from 15.2 to 19.2%. The RNA 
fragments from 15.2 to 19.2% would not hybridize to the LG3 
DNA because the LG3 DNA lacks the sequences between 15.2 
and 19.2%, and they would remain in solution after the other 
RNA species were bound to the filter. The result of such a 
prehybridization step is to partially purify the T7 late RNA 
that was transcribed from 15.2 to 19.2% on the wild type ge- 
nome. 

After four to six successive prehybridization steps, only a 
few per cent of the total radioactivity in the enriched RNA so- 
lution bound to the filter containing LG3 DNA. At this point, 
we determined whether or not the enriched T7  late RNA in- 
cluded sequences complementary to the region from 15.2 to 
19.2% of wild type T7. To  do this, we divided the enriched 
RNA solution in two and incubated half of it with a T7  LG3 
DNA filter and the other half with a wild type T7  filter. The 
only difference between the LG3 DNA filter and the T7+ 
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FIGURE 2 :  RNA-DNA hybridization of [3H]RNA which had been 
prehybridized to T7 DNA carrying various deletions. Cross-hatched 
bars show per cent of input  radioactivity which  bound to filters con- 
taining the same mutant DNA wi th  which prehydrization enrichment 
was performed. Empty bars show hybridization of the various enriched 
RNAs to wild type DNA. Control filters containing no DNA reprodu- 
cibly bound 0.5% of the input  radioactivity. Prehybridization to each of 
the four mutant DNAs was performed on RUA samples containing 
I O 6  initial counts per minute. The input  radioactivities of the in vitro 
RNA samples after prehybridization to the following m u t a n t  DNAs 
were: 0.9 X I O 4  cpm for HI, 1.9 X I O 4  for LG3. 3.2 X IO4  for LG37. 
and 6.1 X IO4  for LG26. The input radioactivities of the  irt \.ire RNA 
samples were: 2.3 X IO4  for H I ,  7.5X I O 4  for LG3, 7.8 X IO' for 
LG37, and 9.7 X I O 4  for LG26. The i n p u t  counts per minute  include 
nonhybridizable material. 

DNA filter is the exclusion of sequences from 15.2 to 19.2% in 
the mutant. Therefore, if  the wild type DNA filter binds signif- 
icantly more of the enriched T7  late RNA than the deletion 
DNA filter does, then there was RNA which had been tran- 
scribed from 15.2 to 19.2% present in the total RNA sample 
before prehybridization enrichment. 

Figure 2 presents the results of annealing prehybridized 
RNAs (i.e., those complementary to the regions absent i n  the 
mutants) with wild type DNA filters and deletion DNA filters. 
Wild type DNA filters bound significantly more RNA in this 
last step for all enriched RNAs except those enriched with T7 
H 1 DNA. We interpret this to mean that there was no signifi- 
cant amount of RNA transcribed from 2.9 to 7.0% in the total 
late in vitro or in vivo T7 RNA samples, but RNA was present 
that was transcribed from 15.2 to 23.5%. In  other nords, an 
initiation site for late transcription lies to the right of 7.0% and 
to the left of, or within, the LG3 deletion (15.2-19.2%). 

To  ensure that the LG3 DNA was not contaminated with 
DNA having deletions to the right of 19%, in vivo RNA com- 
plementary to the LG3 deletion was hybridized to filters con- 
taining H I ,  LG3, LG26, and LG37 DNAs. The results showed 
that LG3 RNA hybridizes only to the region of the DNA de- 
leted in LG3 and the overlapping LG37 deletion. 

To ensure that the in vivo RNA labeled from 4 min after the 
addition of rifampicin to 200 wg/ml is essentially all late T7 
RNA, the kinetics of synthesis of this R h A  was compared 
with the synthesis of E. coli RNA and early T7 RNA. synthe- 
sized in the absence of late T7 RNA by infection with T7 a m  
342, which carries an amber mutation in gene I (T7 RNA 
polymerase). The incorporation directed by E.  coli RNA poly- 
merase from 4 min after rifampicin addition was less than 5% 
that directed by T7  RNA polymerase. 

Heteroduplex Analysis. The lengths of the heteroduplex 
molecules were determined by a comparison with lengths of 
4 x 1 7 4  RF I 1  DNA and single-stranded 4 x 1 7 4  DNA present 
on the same grid. A histogram of the distribution of the lengths 
of the hybrids is presented in Figure 3. I t  can be seen that there 
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FIGURE 3: The lengths of the T7 in vitro late RNA-right-strand 
DNA heteroduplex molecules were determined by a comparison to the 
4X 174 RF I1 DNA and single-stranded 4X 174 DNA. The single- and 
double-stranded lengths were summed from one end of the hybrid mol- 
ecule. The mean molecular weight is calculated to be 25 X lo6 daltons. 

is a narrow distribution of lengths with a mean of 25 X lo6 dal- 
tons molecular weight. This is in good agreement with the mo- 
lecular weight of T7 DNA reported by Studier (1965) and 
Davis and Hyman ( 1  97 1). 

The results of Hyman (1971) and Siegel and Summers 
( 1  970) demonstrate that in vivo late T7  R N A  is synthesized 
from the rightmost 80% of the T7 DNA. In addition, further 
evidence presented in this paper indicates that no detectable T7 
late R N A  is synthesized from the region of the H1 deletion, 
2.9-7% from the left end of the T7 DNA. Therefore, the heter- 
oduplex molecules with predominantly single-stranded ends 
were placed with the single-stranded end to the left. Figure 4 
represents 20 molecules of the 39 molecules measured. 

Quantitation of the lengths of the single-stranded ends of all 
39 molecules is presented in Figure 5. In this figure, the per 
cent of the molecules which are single stranded over each 4% 
length of the DNA is plotted against the length of T7 DNA. It 
can readily be observed that from 0 to 12% from the left end of 
the DNA molecules, the hybrid is single stranded in 75-90% of 
the molecules measured. From 12 to 16% from the left end, 
55% show single-stranded regions. To the right of 16%, the hy- 
brid is rarely single stranded (between 10 and 15%). This resid- 
ual single-stranded character over the range of 16-10096 is 
probably the result of incomplete hybridization over random 
stretches of the DNA and the inherent difficulty in being able 
to unambiguously determine single- from double-stranded re- 
gions along the DNA. In Figure 4, it can be seen that the re- 
gions from 16 to 100% are mostly duplex and that the single- 
stranded regions usually account for DNA lengths of less than 
10% of any single DNA molecule. 

From Figures 4 and 5,  two conclusions are readily apparent. 
First, the leftmost late RNA initiation site lies between 12 and 
16% from the left end of the T7 DNA, and second, the total re- 
gion of the DNA is transcribed in vitro. Both of these observa- 
tions are in agreement with the hybridization competition data 
of Siegel and Summers ( 1  970), and the hybridization enrich- 
ment experiments presented in this article. 

Discussion 

The results of these experiments show that a t  least one initi- 
ation site on T7 DNA for T7 R N A  polymerase exists in the 
early region of the T7 genome (within the first 20% of the 
DNA molecule). This initiation site, designated PLI ,  is to the 
right of the HI  deletion (7%), and either within or to the left of 
the LG3 deletion (15.2%-19.2%). Since DNA ligase, but not 

0 20 40 80 80 I O 0  
Percent of molecular lenpth 

FIGURE 4: A line diagram is presented of 20 of the 39 molecules used 
in the heteroduplex analyses. Double-stranded regions are represented 
by a double line. The molecules with single-stranded ends are aligned 
with the single-stranded ends placed at  the left. The distribution of the 
single-stranded regions of the other 19 molecules is the same as the 
molecules presented in this figure. 

T7 R N A  polymerase, is made a t  late times (Studier, 1972), it 
is likely that PLI is beyond the start of gene I (polymerase), 
but before the start of gene 1.3 (ligase). More precise localiza- 
tion of PL1 by the RNA-DNA hybridization enrichment 
methods described here requires deletions in the 7-1 5% region. 
Such deletions may not be viable either because essential por- 
tions of gene I (T7 polymerase) would be lost, or because dele- 
tion of PLl  might eliminate the production of essential late 
mRNA. 

Analyses of the hybrid molecules formed between T7 late in 
vitro R N A  and T7 right-strand DNA confirm the results ob- 
tained by the hybridization enrichment technique. Of the mole- 
cules analyzed, 75-90% of the RNA-DNA hybrid to the left of 
12% is single stranded. Between 12 and 16% from the left end 
of the hybrid molecules is 55% single stranded (Figures 4 and 
5). These data strongly indicate that the strongest leftmost ini- 
tiation point for late transcription is located between 12 and 
16% from the left end of the T7 DNA. This is within the early 
region, and to the left of the ligase gene. 

In addition, the data presented in Figures 4 and 5 clearly in- 
dicate that the R N A  products transcribed in vitro by T7 R N A  
polymerase cover the whole late region of the genome. Since 
the hybridization was done in sixfold mass excess of R N A  to 

1 
0 50 100 

Distance from left  end of T 7  PA) 
FIGURE 5 :  Distribution of single-stranded regions along the length of 
the T7 DNA. The percentage of molecules which are single stranded 
along a 1 %  length of the T7 DNA was determined by dividing the 
number of molecules which appear single stranded by the total number 
of molecules analyzed. The data are presented in arbitrary intervals of 
4% of the length of the T7 DNA for convenience. 
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DNA, it does not imply that the six major R N A  species ob- 
served by polyacrylamide gel electrophoresis (Golomb and 
Chamberlin, 1974a,b; Niles ef  al., 1974) are unique transcripts 
covering the whole late region. Golomb and Chamberlin 
( 1974a) have recently presented convincing evidence that a t  
least four of the major transcripts initiate a t  different sites to 
the right of 50% of the DNA and terminate at  the same point 
at  99% of the T7 DNA. It is possible that minor R N A  species, 
not readily observed by the gel technique, may account for 
some of the hybrid regions. This possibility is being investi- 
gated by heteroduplex analysis of hybrids formed between T7 
right-strand DNA and the isolated in vitro transcripts. 

Previous studies have clearly shown that the ligase gene was 
transcribed by the E. coli R N A  polymerase and was thus an 
early gene. R. Condit (manuscript in preparation) has used T7 
RNA polymerase and DNAs from various T7 amber mutants 
in  an in vitro protein synthesizing system to demonstrate that 
all of the T7 late proteins are synthesized. I n  addition, R. Con- 
dit and E. G .  Niles (manuscript in preparation) have pro- 
grammed an in vitro protein synthesizing system with T7 late 
RNA made in vitro from wild type and mutant DNAs. They 
have shown that the late transcripts can be translated to pro- 
duce each of the T7 late proteins including ligase. The results 
of the present study show that the ligase region is also tran- 
scribed by the T7 RNA polymerase, both in vivo and in vitro. 
By this criterion, it is also a late gene. 

I t  is perhaps curious that DNA ligase, which is dispensable 
i n  the presence of host cell ligase, is both an early and a late 
gene. However, protracted synthesis of ligase may be of benefit 
to the virus. T7 induces several nucleolytic activities, which 
may be antagonized by adequate ligase levels (Sadowski, 
1974). I n  addition, ligase may be needed early in the initiation 
of replication and may function late in  the formation of recom- 
binant molecules, once replication is well under way. This 
would require an early burst of ligase and perhaps even more at  
late times. 
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