










HERZBERG AND WINOCOUR

0

0
0

0

0

11-10

2 4 6 8
Fraction numb

II
10 12 14 16

FIG. 7. Sucrose gradient fractionation of the com-

plexes formed between SV40 DNA and mammalian
RNA polymerase. A 20-,ug amounit of SV40 DNA was

mixed with 20 t.g of rat liver RNA polymerase in stand-
ard binding buffer. After S min of incubation at 37 C,
the reaction contents were layered on top ofa 5 to 15%
sucrose gradient and centrifuged at 45,000 rev/min
for 4 hr in a Spinco SW50 rotor. Fifteen fractionis of
0.3 ml were collected from the bottom of the tube. A
sample (0.025 ml) of each fraction was assayed for
RNA polymerase activity without the addition of other
DNA. The remainder of each fraction was used for
electron microscopic examinationi of the complex and
for the production of RNA. In the text, the three peaks
are designated according to their fraction number.
The arrow denotes the position of205 supercoiled DNA.

FIG. 8. Bindinig patterni of ani SV40 DNA-rat liver

polymerase complex isolated from a sucrose denisity
gradient (Fig. 7, fractioni 5). X 60,000. One super-

coiled DNA molecule with onie bounld polymerase mole-
cule (arrow) is showni.

studied. The active complex in fraction 9 con-
sisted of nicked-circular DNA (component II)
which also, in this case, displayed only one

enzyme-binding site (Fig. 9).

FIG. 9. Binding pattern of an SV40 DNA-rat liver
polymerase complex isolated from a sucrose density
gradient (Fig. 7, fraction 9). Magniificationi of 60,000.
One nicked-circular (component ll) DNA molecule
with one bound polymerase molecule (arrow) is showni.

Transcription of SV40 DNA by mammalian
RNA polymerase: electron microscopic appear-
ance of the transcription complex. In previous
work on the transcription complex formed be-
tween SV40 DNA and RNA polymerase from
E. coli, the following observations were made
(Herzberg and Winocour, in press). (i) The
enzyme molecules attached to the viral DNA
(which were visible when the DNA-enzyme com-
plex was formed in binding buffer alone) were
not visible when the complex was incubated for a
few seconds with the nucleoside triphosphates
required for RNA synthesis to proceed. (ii) When
subsaturation ratios of enzyme to DNA were

used, several strands of nascent RNA, attached
to the same DNA template, were detected. (iii)
After RNA synthesis was allowed to proceed for
20 min, the original supercoiled appearance of
the template DNA was frequently retained,
even though RNA strands attached to the DNA
template were still visible.
A similar electron microscopic study was

carried out on the transcription complex formed
between SV40 DNA and mammalian RNA
polymerase. After 30 sec of incubation with the
nucleoside triphosphates, the enzyme molecules
were no longer distinguishable on the DNA.
After 10 min of incubation, a strand of nascent
RNA was visible. A typical transcription com-

plex, after 20 min of incubation, is shown in
Fig. 10. Control experiments showed that the
structure designated as nascent RNA in Fig. 10
did not appear when one of the nucleoside tri-
phosphates was omitted from the reaction, or
when the reaction contents were treated with
ribonuclease prior to processing for electron
microscopy. In most cases, the supercoiled ap-

pearance of SV40 DNA did not change during
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in vitro transcription. The majority of SV40
DNA molecules, during transcription by mam-
malian RNA polymerase at subsaturation en-

zyme to DNA ratios, displayed only one strand
of attached nascent RNA. It has not been pos-
sible, so far, to determine by electron microscopy,
the size of the nascent RNA chain. The principal
difficulty stems from the entanglement of the
DNA-RNA complex.

Nature of the RNA product synthesized by
mammalian RNA polymerase in vitro. To study
the effect of SV40 DNA configuration on the
transcription process, the RNA made by each of
the three sedimenting SV40 DNA-enzyme com-

plexes shown in Fig. 7 (fractions 2, 5, and 9)
was studied with respect to size and ribonuclease
sensitivity. The results (Fig. 11) indicate that the
configuration of the SV40 DNA in the complex
affects the nature of the RNA made. When
nicked-circular DNA (fraction 9, Fig. 7) was used
to make RNA, the product was highly hetero-
geneous in size and displayed a high resistance
to ribonuclease (Fig. 1lA), suggesting that the
transcription proceeds symmetrically in part.
After heating to 100 C and fast-cooling, the bulk
of this RNA was rendered sensitive to ribonu-
clease. In contrast, when supercoiled DNA
(fractions 2 and 5) was used as primer, the

products were more homogeneous in size. The
RNA made by the fraction 5 complex was the
most homogeneous in size (approximately 16S)
and was found to be completely sensitive to
ribonuclease (Fig. 6B). The products of the
reaction primed by fraction 2 complex sedimented
more heterogeneously; two main peaks can be
observed, the lighter one being completely
sensitive to ribonuclease (Fig. IC) and roughly
comparable in its sedimentation coefficient
(15S to 16S) to the main peak in Fig. lIB. The
base sequence complementarity between the
SV40 DNA template and the RNA product
synthesized by mammalian polymerase was
confirmed by hybridization experiments.

DISCUSSION
Characteristics of the mammalian RNA poly-

merase. The preparations of mammalian RNA
polymerase used for the binding and transcrip-
tion experiments were completely DNA-depend-
ent (Fig. 1) and free from deoxyribonuclease
activity. The conversion of supercoiled DNA to
the nicked-circular or linear forms, as monitored
by electron microscopy, is a highly sensitive test
for deoxyribonuclease contamination, and no

such conversion was detected. Ribonuclease
contamination of the enzyme preparations also
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FIG. 11. Sedimentationz patternl of' the RNAs synz-
thesized by the SV40 DNA-enzynme complexes showti

in Fig. 7. Thze three SV40-DNA polymerase complexes
(f'ractions 9, 5, and 2 in Fig. 7) were uised to syiithesize
complemenztary 3H-RBA. The 3H-RNAs, after purifica-
tioii by phenol extractionl antd alcohol precipitation,
were layered oni top of 5 to 15%- sutcrose gradientts anid
celitrifuged at 45,000 rev/'miii, at 0 C int a Spintco S W50
rotor for 5 hr (A an1d C) or 4 hr (B). Twenty-two frac-
lionts of 0.22 ml each were collected from the bottom
of the tutbe. Onte halJ of each fraction was precipitated
with cold trichloroacetic acidl antd filtered Jbr deter-
minationi oJ acid-precipitable radioactivity. The remain-
ing half was treated with ribontuclease (20 Ag /ml, 15
mili at 37 C) anid the,i precipitcated with cold trichloro-
acetic acid for determiinationi of'acid-precipitable radio-
activity. Tlhe 3H-RNAs be/bre celtritiigationi were

tested similarly Jor riboniuiclease sentsitivity. '4C-SV40
DNA, componientts I atd 11, were iused as the 20S
antd 16S markers, respectively. (A) :H-RNA made
from fraclionl 9 complex (50'c of this 3H-RNA, before
cenitrifugatiot, was /ofuid to be riboniu(clease-resistanzt);
(B) 3H-RNA made from fraction 5 com71plex (81' of
the 3H-RNA beJore cenitrifigcationi, was ribonuliclease
resistanit); (C) 3H-RNA made from fraction 2 complex
(12%lo of' the 3H-RNA beJore cenlr,jifbtgationi, was ribo-
nuticlease resistanit).

appears to be unlikely in view of the size of the
RNA product that was synthesized from the
supercoiled DNA template (Fig. 11B). From the
binding experiment shown in Fig. 3, it may be
estimated that 1.25 Ag of protein was required to
saturate the binding sites in 0.1 ,ug of SV40 DNA.
On the basis that only one RNA polymerase
molecule binds to each DNA molecule, and
assuming that the molecular weight of the en-

zyme is about 10-fold less than that of the virus
DNA ( 3 x 106 daltons), we would expect that
0.01 Mug of enzyme should be sufficient to saturate
0.1 Mig of DNA. Hence, a further 100-fold purifi-
cation would be required to ensure that the
enzyme preparations contained only active (with
respect to binding) RNA polymerase molecules.
By DEAE-Sephadex chromatography, Roeder

and Rutter (13) separated two different types of
RNA polymerase from rat liver; they suggested
that polymerase I is of nucleolar origin and that
polymerase IL is of nucleoplasmic origin. The
characteristics of the RNA polymerase used in
the present experiments are almost identical to
those described by Roeder and Rutter for poly-
merase II. Furthermore, it was observed that the
short period of sonic vibration used in the prepara-
tion of the enzyme left the nucleoli apparently
intact in the disrupted nuclei.
The "affinity" of the mammalian RNA poly-

merase for different DNA templates was measured
by the membrane filtration technique (7). We
found that the mammalian RNA polymerase
shows some template specificity in the sense that
it has a greater "affinity" for calf thymus DNA
than for T4 DNA. This result is not due to the
presence of single-stranded nicks in the calf
thymus DNA since, in the reverse control experi-
ment, bacterial polymerase showed more "affin-
ity" for T4 DNA than for the calf thymus DNA.
The difference in template "affinities" of the bac-
terial and mammalian RNA polymerases is con-

sistent with the recent report by Gniazdowski et
al. (5), which indicates that RNA polymerase
from calf thymus does not recognize all of the
initiation signals present on T4 DNA.

Binding and transcription pattern of SV40
DNA. In studies using electron microscopy to
demonstrate the DNA-enzyme complex, it was

previously shown that some three to nine mole-
cules of bacterial RNA polymerase can bind to
each molecule of SV40 and polyoma DNA (4;
Herzberg and Winocour, in press). In the studies
reported herein, we found on the majority of
supercoiled SV40 DNA molecules only a single
binding site for mammalian RNA polymerase,
isolated both from infected and uninfected cells.
The analysis of the number of enzyme-binding

674 J. VIROL.

 on S
eptem

ber 21, 2020 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


SV40 DNA TRANSCRIPTION IN VITRO

sites was carried out under conditions where the
amount of enzyme per unit of DNA was well
above that required for saturation-as measured
both by the membrane filter binding test and by
the incorporation of 3H-UTP into RNA. Increas-
ing the amount of enzyme per unit of DNA
from 2-fold over saturation to 10-fold over satura-
tion did not significantly alter the proportion of
SV40 DNA molecules which displayed a single
enzyme-binding site (Table 3, experiment 4).
Topological considerations probably account for
the fact that, despite oversaturation with en-
zyme, only about 50% of the SV40 DNA mole-
cules displayed any bound enzyme (Table 3).
For example, it would be difficult to see an en-
zyme molecule that was bound to the DNA at a
position located between the DNA and the elec-
tron microscopic grid, or at a position correspond-
ing to the crossover points of the twisted circular
structure.
For electron microscopic demonstration of the

transcription complex, undersaturating amounts
of enzyme were used to minimize reinitiation of
transcription. Under these conditions, we ob-
served a single chain of nascent RNA attached to
the SV40 DNA template during transcription by
mammalian polymerase. In contrast, SV40 DNA
molecules undergoing transcription by an under-
saturating amount of bacterial polymerase dis-
played several nascent RNA chains attached to
the template (Herzberg and Winocour, in press).
The finding of a single binding site for mam-

malian RNA polymerase implies either that the
enzyme transcribes in vitro the entire SV40
genome as a single unit, or that, like phage
X (10), only part of the viral genome is tran-
scribed in vitro. The results shown in Fig. 1lB
favor the latter alternative, in that the majority
of RNA molecules synthesized from the super-
coiled SV40 DNA template were found to sedi-
ment relatively homogeneously in the 15S to 16S
region of a sucrose gradient. Hence, transcription
of supercoiled SV40 DNA by mammalian poly-
merase in vitro may be restricted. It will therefore
be important to determine, in hybridization ex-
periments, the degree of competition between the
SV40 complementary RNA synthesized in vitro
by mammalian polymerase and the various types
of virus-specific RNA present in infected cells
(1, 9, 11, 14). Similarly, since others have found
that the bacterial polymerase transcribes essen-
tially the entire SV40 genome (16), it will be im-
portant to determine the degree of competition
between the SV40 complementary RNA mole-
cules synthesized in vitro by the mammalian and
bacterial polymerases.
The importance of the DNA template con-

figuration to the nature of the RNA synthesized is
demonstrated by the experiments shown in Fig.
7 and 11. Whereas component II (nicked-circle)
gave rise to highly heterogeneous RNA, some of
which appears to be self-complementary, the
supercoiled component gave rise to a much more
homogeneous population of RNA molecules
(sedimenting at about 16S; Fig. 1 B) which
showed no detectable self-complementarity. West-
phal (16) has reported that only the supercoiled
SV40 DNA component is asymmetrically tran-
scribed by a bacterial RNA polymerase.

It is of interest to note that there was no dis-
cernible change in the supercoiled appearance of
the SV40 DNA molecule during transcription.
In contrast, the organization of the bound RNA
polymerase molecule appeared to be radically
changed. After the SV40 DNA-polymerase com-
plex was incubated with the nucleoside triphos-
phates for as little as 30 sec, the enzyme attached
to the template DNA was no longer detectable
by electron microscopy. A relatively long interval
of 10 to 20 min ensued before the strand of
nascent RNA was detected. It is likely that the
beginning of the transcription process is ac-
companied by the dissociation of the RNA poly-
merase into subunits which are not visible by
electron microscopy. Conceivably, these sub-
units may include transcription initiation factors
which by this process are recycled (15) for sub-
sequent use in the formation of new DNA-en-
zyme complexes.
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