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RNA polymerase II molecules that transcribe the late strand of the 5.3-kb circular polyomavirus genome
stall just upstream of the DNA replication origin, in a region containing multiple binding sites for polyoma-
virus large T antigen. Stalling of RNA polymerases depends on the presence of functional large T antigen and
on the integrity of large T antigen binding site A. To gain insight into the interaction between DNA-bound large
T antigen and RNA polymerase II, we mapped the position of stalled RNA polymerases by analyzing nascent
RNA chains associated with these polymerases. Elongation of RNA in vitro, followed by hybridization with a
nested set of DNA fragments extending progressively farther into the stalling region, allowed localization of the
3* end of the nascent RNA to a position 5 to 10 nucleotides upstream of binding site A. Ribonuclease treatment
of nascent RNAs on viral transcription complexes, followed by in vitro elongation and hybridization, allowed
localization of the distal end of stalled RNA polymerases to a position 40 nucleotides upstream of binding site
A. This RNA footprint shows that elongating RNA polymerases stall at a site very close to the position of
DNA-bound large T antigen and that they protect approximately 30 nucleotides of nascent RNA against
ribonuclease digestion.

RNA polymerase II is capable of transcribing very long
stretches of DNA without interruption; for example, it can
produce transcripts as long as 2 3 106 nucleotides (nt) in the
case of the dystrophin gene (26). Interruption of transcription
is therefore an extremely rare event in the absence of specific
signals. In the cell, the template DNA is associated with his-
tones and a variety of other proteins. It is important for effi-
cient transcription that proteins lying in the path of RNA
polymerases be displaced during elongation (50). However,
several DNA-bound proteins have been shown to block elon-
gation and/or cause termination of transcription by RNA poly-
merase in the intact cell. The ME1a1 protein binds within the
region between the two closely linked human complement
genes C2 and factor B, and plays a critical role in termination
of RNA polymerase II transcribing from the upstream C2 gene
(4). Proteins binding to the CCAAT box sequence upstream of
the adenovirus major late promoter have been shown to me-
diate transcription termination by RNA polymerase II in an
orientation-dependent manner (12, 13). A sequence located
between the P1 and P2 promoters of the mouse c-myc gene
directs transcription termination and is bound by a protein
called TBF I (42). The exact mechanism by which these pro-
teins interact with transcribing RNA polymerase molecules is
unknown.
RNA polymerase II transcribing the late strand on polyoma-

virus DNA does not terminate efficiently anywhere along the
5.3-kb circular genome (1, 3, 8). A fraction of RNA poly-
merases can complete several traverses of the polyomavirus
genome, giving rise to multi-genome-length RNAs (2, 20).
However, run-on experiments detected an unusually high den-
sity of RNA polymerases on the late strand within the inter-
genic region of polyomavirus DNA, suggesting that RNA poly-
merases stall in that region in vivo (46). Bertin et al. (7) defined
a 164-nt region spanning nt 173 to 11 within which these excess

polymerases accumulate. This region contains the four binding
sites for polyomavirus large T antigen denoted 1/2, A, B, and C
(Fig. 1) (15, 17, 39). Furthermore, stalling in this region was
shown to depend on the presence of functional large T antigen
(7). By use of site-directed mutagenesis, it was also shown that
binding of large T antigen to site A, but not to site B or C, is
essential for the stalling and the accumulation of RNA poly-
merase II in this region (6).
The mechanisms by which polyomavirus large T antigen and

other DNA-binding proteins block elongation by RNA poly-
merase II are not known in any detail. A mutant EcoRI protein
unable to cleave DNA but retaining its site-specific DNA-
binding properties is capable of blocking progression of several
unrelated RNA polymerases in vitro (37, 38) and therefore
appears to act nonspecifically. On the other hand, TTF-1, a
protein involved in termination of transcription by RNA poly-
merase I, must interact specifically with that polymerase, be-
cause it does not block elongation by RNA polymerase II or
III, Escherichia coli or phage T3 RNA polymerases (29).
To examine the interaction between RNA polymerase II and

large T antigen bound to polyomavirus DNA, we set out to
map precisely the position on the template DNA where RNA
polymerases stall in vivo. Use of standard footprinting tech-
niques was not feasible, since only about 1% of viral DNA
present in cells during the late phase of infection is transcribed
(9a, 33) and only a fraction of the transcribed DNA contains
RNA polymerases stalled near the large T antigen binding sites
(6, 7). Therefore, we chose to define the location of these RNA
polymerases indirectly by analysis of the nascent RNA chains
associated with them. Elongation of these RNA chains in the
presence of radioactive precursors in vitro, followed by hybrid-
ization with DNA fragments extending for different lengths
into the region where large T antigen binds, allowed us to
locate the proximal or front end of stalled RNA polymerases
(the end that comes in closest contact with bound large T
antigen). Ribonuclease treatment of nascent RNAs on viral
transcription complexes, followed by elongation in vitro and
hybridization to DNA fragments, allowed us to locate the distal
or rear end of stalled RNA polymerases (the end most distant
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from bound large T antigen). Together, this information shows
that RNA polymerases are stalled just upstream of large T
antigen binding site A on polyomavirus DNA.

MATERIALS AND METHODS
Virus strains and cell culture. The wild-type polyomavirus strain (AT3-Mo-

dori) used in this study was described elsewhere (6). The thermosensitive strain
AT3ts25E contains a single mutation at amino acid 769 of large T antigen,
introduced by site-directed mutagenesis, rendering the protein thermolabile (7).
Mouse 3T6 cells were cultured as described previously (7) and were infected at
a multiplicity of 1 to 10 PFU per cell.
Transcriptional run-on assay and analysis of RNA-DNA hybrids. Viral tran-

scription complexes were isolated from infected cells 30 to 40 h after infection
and incubation at 378C or 72 h after infection and incubation at 328C, as de-
scribed previously (7, 46). Run-on assays containing viral transcription complexes
from 1 3 107 to 2 3 107 cells were performed at 268C in a 250-ml reaction
mixture containing 10 mM Tris-HCl (pH 7.9); 150 mM (NH4)2SO4; 5 mM
MgCl2; 2.6 mM b-mercaptoethanol; 0.2% Sarkosyl; 120 U of RNAguard (Phar-
macia); 25% sucrose; 400 mM (each) UTP, ATP, and GTP; 0.2 to 1.0 mM
unlabeled CTP; and 250 mCi of [a-32P]CTP (0.33 mM, 3,000 Ci/mmol). The total
concentration of CTP was between 0.5 and 1.3 mM in different experiments. The
transcription reaction was stopped by the addition of 250 ml of phenol-chloro-
form (1:1), and RNA was separated from unincorporated nucleotides by exclu-
sion chromatography on Sephadex G-50. Radiolabeled RNA was hybridized with
10 mg of single-stranded recombinant M13 phage DNA containing the viral DNA
fragment of interest in 100 ml of 25% formamide–0.4 M NaCl for 4 h at 378C.

Hybrids were assayed by collection on nitrocellulose filters, ribonuclease treat-
ment, and counting in an LKB Rackbeta scintillation spectrometer as previously
detailed (46). Alternatively, 100-ml hybridization mixtures were added to 416 ml
of 10 mM Tris-HCl (pH 7.5)–0.3 M NaCl–5 mM EDTA–31 ml of ribonuclease A
(10 mg/ml)–3 ml of ribonuclease T1 (100 U/ml) (final concentration, 0.5 mg of
ribonuclease A and 0.5 U of ribonuclease T1 per ml), and then the mixtures were
incubated at 308C for 30 min to digest the unhybridized RNA. The concentration
of NaCl was then brought up to 0.9 M, and the hybrids were collected on
13-mm-diameter nitrocellulose filters (Schleicher & Schuell, 0.45-mm pore size).
The filters were washed twice with 50 mM HEPES (N-2-hydroxyethylpiperazine-
N9-2-ethanesulfonic acid [pH 7])–1 mM EDTA–0.75 M NaCl, and RNA-DNA
hybrids were released from the filters by digestion of single-stranded DNA in 30
mM Na acetate (pH 4.5)–0.3 M NaCl–1 mM ZnSO4–5% glycerol–325 U of SI
nuclease (Pharmacia) per ml at 378C for 1 h (48). RNAs were denatured and
analyzed by electrophoresis on 8% polyacrylamide–6.2 M urea gels in 89 mM
Tris-borate buffer.

RESULTS

Mapping the 3* end of nascent RNAs associated with stalled
RNA polymerases. Run-on experiments indicated that there
are 10- to 20-fold more RNA polymerases in region 173-11
than in regions immediately upstream (nt 406 to 178) or down-
stream (nt 11 to 5144) on the late strand of polyomavirus DNA
(6, 7). Since accumulation of stalled RNA polymerases in this
region depends both on the presence of functional large T
antigen and on the integrity of binding site A, we reasoned that
RNA polymerases transcribing viral DNA in vivo may cease
elongation as a result of encountering large T antigen bound to
site A. Large T antigen bound to site A protects nt 45 to 70 in
an in vitro DNAse I footprint assay (Fig. 1B [15]); this would
place the proximal end of these stalled RNA polymerases just
upstream of nt 70.
If the stalled RNA polymerases accumulate at a specific site,

extension of their nascent RNA chains in vitro will lead to
preferential synthesis of RNA from regions that lie beyond
their 39 ends. To map the position of these 39 ends, we hybrid-
ized radioactive in vitro run-on RNA to a series of single-
stranded DNAs, cloned into M13 bacteriophage vectors, that
are complementary to late RNA. These DNAs (Fig. 2A) share
a common 39 end (at nt 406), but their 59 ends extend progres-
sively farther into the region of interest, to nt 178, 119, 73, 33,
and 11; these fragments are hereafter denoted by their 59-
terminal nucleotide. DNAs that do not extend beyond the
stalling site will hybridize with only low levels of radioactive
RNA, generated by the low density of RNA polymerases tran-
scribing regions upstream of the stalling site. DNAs that ex-
tend beyond the stalling site, in contrast, will hybridize with
higher levels of radioactive RNA, arising from the high density
of stalled RNA polymerases. Quantitative hybridization of
run-on RNAs with this series of DNA fragments can therefore
define the position of the 39 end of nascent RNA chains asso-
ciated with stalled RNA polymerases.
Figure 2B shows averaged results from three independent

experiments in which run-on RNA was hybridized to these
DNA fragments. The transcriptional activity corresponding to
each DNA was calculated by dividing the counts per minute
hybridized to the fragment by the number of C residues in
RNA complementary to the fragment (see reference 46), since
radioactive CTP was used to label the RNA. This corrects for
the variable content of C in the different fragments, so that a
uniform distribution of RNA polymerases should give rise to
the same transcriptional activity in all fragments. In each ex-
periment, the transcriptional activities were normalized by di-
vision by the activity calculated for fragment 178, and the
averages of these ratios are shown graphically in Fig. 2B.
Transcriptional activity in fragment 119 was not significantly

different from that in fragment 178; therefore, the high density
of stalled RNA polymerases must lie downstream of nt 119.

FIG. 1. Map of the stalling region on polyomavirus DNA. (A) Polyomavirus
genome with the early and major late transcription initiation sites. RNA poly-
merase II molecules that initiate at the late promoter transcribe in a clockwise
direction around the circular genome up to the intergenic region, where some
polymerases stall and accumulate in vivo between nt 173 and 11. (B) Nucleotide
sequence of the region in which RNA polymerases stall. Shown is the DNA
strand corresponding to RNAs made by RNA polymerases that initiate tran-
scription at the late promoter. The DNase I footprints of bound large T antigen
(15) are shown by the brackets. The horizontal arrows denote the G(A/G)GGC
pentanucleotide sequence recognized by the large T antigen. The upward arrows
indicate the positions of the 59 ends of the DNA fragments shown in Fig. 2. The
C/T-rich region where RNA polymerases pause in vitro is overlined.
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Transcriptional activity in fragment 73 was about 1.4-fold
higher than those in fragments 178 and 119, and transcriptional
activities in fragments 33 and 11 were 5- to 6-fold higher; these
results suggest that the 39 ends of RNAs associated with stalled
RNA polymerases lie somewhere upstream of nt 73.
A closer analysis of these results suggests that the RNA

polymerases are stalled only a very few nucleotides upstream
of nt 73. The transcriptional activities (counts per minute per
C residue) for fragments 178 and 119 can be taken as repre-
senting the average activity of RNA polymerases transcribing
the region upstream of the stalling site. This value was multi-
plied by the number of C residues in each of the other frag-
ments, and the results were subtracted from the actual counts
per minute incorporated into RNA hybridized to each frag-
ment. This calculation yields a value that represents the excess
transcription of each region by stalled RNA polymerases, ex-
pressed as counts per minute incorporated into C residues.
Table 1 compiles these results for one experiment and shows
that the ratio of excess counts per minute hybridized to frag-
ments 73, 33, and 11 was 1:12:14. These results are compatible
with a model in which RNA polymerases are stalled just up-
stream of the C residue at nt 75 (Fig. 1B). In vitro elongation
of these stalled RNA polymerases would incorporate one C
residue (C-75) into RNA that hybridizes with fragment 73, 13
C residues (C-75 plus 12 C’s between nt 72 and 33) into RNA
that hybridizes with fragment 33, and 22 C residues (13 C’s plus
9 C’s between nt 32 and 11) into RNA that hybridizes with
fragment 11. Therefore, the ratio of excess counts per minute

hybridized to these fragments should be 1:13:22. The value
obtained with fragment 11 was not as high as the model pre-
dicts, probably because a portion of the stalled RNA poly-
merases did not elongate in vitro up to the end of that frag-
ment. This is due to the presence of strong in vitro pause sites
located between nt 40 and 50, described below (see Fig. 5). In
two other experiments, the ratios of excess counts per minute
hybridized to these fragments were 1:14:23 and 1:10 (fragment
11 not done). These results are also consistent with the model
presented above. If RNA polymerases were stalled just up-
stream of the pair of C’s at nt 81 and 82, the ratio of excess
counts per minute in RNA hybridized to fragment 73 and 33
would be 3:15 (1:5), a result that is incompatible with these
data. We conclude that the 39 end of the nascent RNA asso-
ciated with stalled RNA polymerases is probably located be-
tween nt 75 and 80.
Strategy for mapping the distal end of stalled RNA poly-

merases. Nascent RNAs in transcription complexes can be
trimmed by digestion with low concentrations of ribonuclease
to within 12 to 25 nt of the growing 39 end without reduction in
the transcriptional activity of the RNA polymerase (30, 41, 43).
These 12 to 25 nt are apparently protected from digestion by
their association with the RNA polymerase and/or the tem-
plate DNA strand, although this protection is not absolute:
higher concentrations of ribonuclease can remove the nascent
RNA up to 3 nt from the growing 39 end without abolishing
transcriptional activity (41).
We set out to map the 59 ends generated by ribonuclease

trimming of nascent RNA associated with stalled RNA poly-
merases (Fig. 3). After ribonuclease treatment of transcription
complexes, RNAs were elongated in the presence of radioac-
tive CTP, and labeled RNA was then hybridized with defined
DNA fragments. DNA-RNA hybrids were treated with ribo-
nuclease to remove unpaired RNA tails, and the size of the
protected RNA was determined by gel electrophoresis. By this
means, the position of the distal end of stalled RNA poly-
merases can be determined.
To succeed, this approach requires that (i) ribonuclease

treatment of the transcription complexes is sufficient to trim
nascent RNAs but does not interfere with subsequent elonga-
tion by RNA polymerases, (ii) ribonuclease activity is inhibited
during the elongation reaction so that the RNAs synthesized
remain intact, and (iii) the stalled RNA polymerases are able
to extend their nascent RNA chains beyond the end of the
DNA fragment used for subsequent hybridization (Fig. 3).
Effect of ribonuclease treatment on the elongation reaction.

We found that treatment of viral transcription complexes with
0.1 mg of ribonuclease A per ml for 15 min at 268C was suffi-

FIG. 2. Mapping the 39 end of the nascent RNA. (A) Schematic represen-
tation of the single-stranded DNA fragments used. The five fragments have their
39 ends at nt 406 and their 59 ends at nt 178, 119, 73, 33, and 11, respectively. (B)
RNAs labeled during 10-min run-on transcription reactions were hybridized with
the set of DNA fragments described above. The ribonuclease-resistant radioac-
tivity hybridized with each DNA fragment was determined and corrected by
being divided by the number of C residues expected in RNA transcripts of each
fragment. Results were normalized to the value found for fragment 178. Error
bars show the standard deviations of the ratios of transcriptional activity (results
from three experiments for fragments 178, 119, 73, and 33 and two experiments
for fragment 11).

TABLE 1. Quantitative analysis of position of stalled
RNA polymerases

Fragment No. of cpm
hybridizeda

No.
of C’s

No. of
cpm/Cb

No. of
excess cpmc

Excess cpm/excess
for fragment 73

178 448 58 7.72 0 0
119 493 64 7.70 0 0
73 894 80 11.2 276 1
33 3,984 92 43.3 3,274 12
11 4,521 101 44.7 3,740 14

a For each sample, three filters containing RNA-DNA hybrids were counted
for a total of 15 min in a liquid scintillation counter. Values shown are the
average number of counts per minute hybridized minus background radioactivity
associated with filters containing M13mp8 DNA.
b Number of counts per minute hybridized divided by number of C’s.
c (Number of counts per minute hybridized to fragment) 2 (number of counts

per minute per C for fragment 178) 3 (number of C residues in fragment).
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cient to trim nascent RNA tails (Fig. 4A) without significantly
affecting the ability of RNA polymerases to elongate nascent
RNA in vitro (Fig. 4B). Most of the RNA products generated
by untreated viral transcription complexes were at least 400 nt
long, independent of the length of the run-on reaction (Fig.
4A, 2RNAse). This implies that nascent RNA chains of this
length were present before in vitro elongation began. How-
ever, there was a minor population of shorter RNAs whose
length increased with time of in vitro elongation. Some prep-
arations of viral transcription complexes had very short preex-
isting RNA chains and/or gave rise to degraded RNA upon in
vitro elongation; these preparations were not further used.
After ribonuclease treatment of transcription complexes,

elongation (in the presence of a ribonuclease inhibitor) led to
production of much shorter RNAs, showing that the ribonu-
clease treatment was effective (Fig. 4A, 1RNAse). These
RNAs increased in size by 8 to 10 nt per min at 268C (with 0.5
mM CTP). There was little sign of degradation of RNA during
20-min run-on reactions. The average size of RNAs elongated
for 2 min was 40 to 50 nt, implying that nascent RNAs in
ribonuclease-treated transcription complexes were 20 to 30 nt
long before elongation began.
Progression of RNA polymerases through the stalling region

in vitro. Figure 5 shows the size of RNA chains elongating
through the region where stalling occurs during run-ons of
from 2 to 20 min with transcription complexes that were not
pretreated with ribonuclease. Labeled RNAs were hybridized
with a single-stranded DNA fragment spanning nt 173 to 11,
the hybrids were treated with ribonuclease to trim unpaired
RNA tails, and the protected RNA was analyzed by gel elec-
trophoresis. The autoradiogram shows that RNA polymerases
progress through this region in a discontinuous fashion, as
revealed by the appearance of RNAs of distinct sizes during
elongation. The discontinuous progression of RNA poly-

merases through a variety of DNA templates has been widely
documented (23, 25, 45) and is ascribed to the presence of
pause sites at which the progression of RNA polymerases is
retarded. The shortest labeled RNA visible in the 2-min run-on
was about 100 nt long, which would place its 39 end near nt 73,
assuming that the 59 ends of these RNAs extended beyond the
upstream end of the DNA probe, at nt 173 (an assumption
validated by the results shown in Fig. 4A). This would place the
39 end of nascent RNAs associated with stalled RNA poly-
merases just upstream of nt 73 before in vitro elongation be-
gan, a finding in agreement with the 39-end analysis described
above.
After a 10-min run-on, a band corresponding to the full

length of fragment 173-11 appeared (arrow, Fig. 5), indicating
that a fraction of the RNA polymerases had progressed up to

FIG. 3. Strategy used for mapping the distal end of stalled RNA poly-
merases. The broken line represents the DNA template, the ellipse represents
RNA polymerase, and the continuous line represents the nascent RNA chain.
Ribonuclease digestion trims the nascent RNA chain. Upon subsequent elonga-
tion, the RNA is labeled (thicker line). This RNA is hybridized with a defined
single-stranded DNA (bracketed line), and hybrids are digested with ribonucle-
ase to yield a protected RNA of the length defined by the position of its 59 end.

FIG. 4. Effect of ribonuclease treatment on the elongation reaction. (A)
Viral transcription complexes were incubated in the absence (2RNAse) or
presence (1RNAse) of 0.1 mg of ribonuclease A per ml for 15 min at 268C. RNA
polymerases were then allowed to elongate nascent RNA chains for 2, 5, 10, or
20 min in the presence of 120 U of ribonuclease inhibitor (RNAguard; Pharma-
cia). RNA was separated from unincorporated nucleotides by exclusion chroma-
tography and analyzed by electrophoresis on an 8% polyacrylamide gel. M, RNA
size markers (in nucleotides). (B) Radioactivity in aliquots of each sample was
measured in a scintillation counter.
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or beyond nt 11 by this time. However, a doublet of RNA
species 125 to 135 nt long (asterisk, Fig. 5) persisted even after
run-ons of 20 min. This suggests that elongating RNA poly-
merases encounter strong in vitro pause sites around nt 40 and
50. Between nt 54 and 37 of the strand complementary to the
late (template) DNA strand, there is a stretch of 18 nt consist-
ing exclusively of C and T residues (Fig. 1, overlining). RNA
polymerases may pause here as a result of the limiting concen-
tration of CTP available during in vitro run-ons (45) or because
of a tendency of RNA polymerases to pause and/or terminate
at runs of T residues in the nontranscribed strand (U residues
in the RNA transcript) on natural DNA templates (23–25).
Run-ons carried out at 1.3 mM CTP led to an increase in the
proportion of RNA polymerases that reached nt 11, but some
of the 135-nt RNA remained (data not shown). The presence
of these strong pause sites complicates the interpretation of
the results presented here, but a significant fraction of RNA
polymerases proceeded through these sites to the end of the
region used for hybridization. Therefore, the three conditions
stated above for carrying out analysis of the trimmed RNAs on
ribonuclease-treated transcription complexes were fulfilled.
Mapping the 5* ends of RNAs generated by ribonuclease

treatment of viral transcription complexes. Labeled RNA syn-
thesized by untreated viral transcription complexes during a
10-min run-on was hybridized to DNA fragment 173-11 (Fig.
6A, lane 3). The resulting protected RNAs were full-length
read-through (163 nt) and paused species (135 nt) as previ-
ously shown in Fig. 5. In this experiment, the 135-nt species
(paused at nt 40) was predominant; little of the 125-nt species
(paused at nt 50) was seen. The corresponding RNA from
ribonuclease-treated transcription complexes (Fig. 6A, lane 4)
gave rise to faster-migrating species approximately 100 and 70
nt long. The 59 ends of these RNAs therefore lie near nt 110,
some 60 nt downstream from the end of fragment 173-11 (Fig.
6B).
To substantiate this conclusion, the same RNAs were hy-

bridized with DNA fragments 406-33 and 406-11. RNAs from
untreated transcription complexes were protected over the full
length of these DNA fragments, as expected (Fig. 6A, lanes 1
and 2). RNAs from ribonuclease-treated transcription com-
plexes gave rise to the same 100- and 70-nt protected species
when hybridized with fragment 406-11 (lane 5) as when hy-
bridized with fragment 173-11 (lane 4). However, hybridization

with fragment 406-33 led to a reduction in the longest pro-
tected RNA from 100 nt to about 80 nt, as would be expected
if this RNA had a 59 end at nt 110 (Fig. 6B). RNAs produced
by polymerases that pause in vitro between nt 50 and 40 would
not be expected to change in size when hybridized with these
three DNA fragments. This prediction is confirmed by the
presence of the 70-nt species in lanes 4, 5, and 6.
On the other hand, a protected RNA species about 78 nt

long, detected in lanes 4 and 5 as a band migrating just above
the 70-nt species, was not present after hybridization with

FIG. 5. Progression of RNA polymerases through the stalling region in vitro.
In vitro transcription with viral transcription complexes was performed at 268C
for 2, 5, 10, and 20 min, and nascent RNA was hybridized with a DNA fragment
spanning nt 173 to 11. RNA protected against ribonuclease A and T1 digestion
by the full-length DNA fragment is indicated by the arrow, and the doublet
corresponding to the major in vitro pause sites is indicated by the asterisk. M,
RNA size markers (in nucleotides).

FIG. 6. Mapping nascent RNA protected against ribonuclease digestion by
stalled RNA polymerases. (A) Viral transcription complexes were incubated
without (2RNAse [lanes 1 to 3]) or with (1RNAse [lanes 4 to 6]) 0.1 mg of
ribonuclease A per ml prior to a 10-min run-on. RNA products were hybridized
with DNA fragment 173-11 (lanes 3 and 4), 406-11 (lanes 2 and 5), or 406-33
(lanes 1 and 6). (B) Schematic representation of the DNA fragments used (thick
lines) and of the RNAs identified (thin lines). The lengths of each RNA, esti-
mated from migration compared with marker RNAs and/or from the lengths of
the corresponding DNA fragments, are noted above each line. The numbers at
the top of the figure show the ends of the DNA fragments; the numbers at the
bottom of the figure show the positions of the 59 and 39 ends of RNAs as
described in text.
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fragment 406-33 (lane 6); several faster-migrating species 50 to
55 nt long appeared in its place. The origin of these species is
not clear, but they may arise from a second population of
stalled RNA polymerases located some 20 to 25 nt downstream
of the major population. The distal end of these polymerases
would lie near nt 90, as shown in Fig. 6B.
A fraction of the nascent RNA associated with stalled RNA

polymerases was already trimmed before ribonuclease treat-
ment, as shown by the presence of small amounts of 100-, 80-,
and 70-nt RNA species made by untreated transcription com-
plexes (Fig. 6A, lanes 1 to 3). These RNAs could be generated
either by digestion by endogenous ribonucleases in the cell or
by degradation during isolation of viral transcription com-
plexes.
The 100-nt RNA is generated by stalled RNA polymerases.

To confirm that the RNAs we have analyzed originate from
stalled RNA polymerases, we examined the temperature de-
pendence of their synthesis by using a temperature-sensitive
virus, AT3ts25E (7). This strain has a substitution of cysteine
for glycine in the carboxy terminus of the large T antigen (16,
47). This mutation renders the protein thermolabile at the
nonpermissive temperature (398C). Bertin et al. (7) showed
that excess RNA polymerases accumulated in the intergenic
region of the AT3ts25E strain at the permissive temperature,
while no accumulation occurred when the cells were shifted to
the nonpermissive temperature for 2 to 5 h.
Cells were infected with either the wild-type strain or

AT3ts25E virus and incubated for 72 h at 328C. The cells were
then maintained at this temperature or incubated at 398C for
an additional 2.5 h. Viral transcription complexes were then
isolated, treated with ribonuclease A, and allowed to elongate
nascent RNA chains for 10 min. The RNA products were
hybridized with DNA fragment 406-11 (Fig. 7). As expected,
there were no differences between the patterns seen at 32 and
398C with the wild-type virus. The 100-nt band and the bands

corresponding to the in vitro pause site were seen. The ratio
between full-length RNA and in vitro paused RNA varies
between preparations of viral transcription complexes. In these
experiments, less full-length RNA was made. Infection with
the thermosensitive virus at 328C led to the same pattern as
that with wild-type virus. However, when the temperature was
shifted to 398C, at which temperature large T antigen is no
longer functional, RNAs hybridizing with fragment 406-11
were strongly reduced. This shows that the RNAs we have
analyzed arise from stalled RNA polymerases, because they
depend on the presence of functional large T antigen (7).
It could be argued that loss of the signal at 398C with the

AT3ts25E virus is not due to loss of RNA polymerase stalling
but instead is due to an overall decrease in late promoter
activity. To check this, we hybridized run-on RNA with a DNA
fragment overlapping the late promoter. An RNA 80 nt long
was protected by this fragment, and no significant difference in
its amount was detected with either wild-type or temperature-
sensitive virus after shift-up. Thus, the loss of the signal with
the AT3ts25E virus at 398C was not caused by a decrease in the
level of late promoter activity but indeed was a result of the
inability of inactivated large T antigen to block progression of
RNA polymerase II through the origin region in vivo.

DISCUSSION

Polyomavirus large T antigen is capable of blocking elonga-
tion by RNA polymerase II in vivo when bound to site A in the
intergenic region of polyomavirus DNA. In this report, we
present an analysis of the ternary elongation complex involving
RNA polymerase II stalled in vivo near site A. We mapped the
location of the stalled RNA polymerases with a precision of 5
nt or less by analyzing the nascent RNA chains associated with
these RNA polymerases. The stalled polymerases lie immedi-
ately upstream of the DNAse I footprint of large T antigen
binding to site A (Fig. 8). The 39 end of the nascent RNA is 5
to 10 nt upstream of site A, and the 59 end of the RNA
protected against ribonuclease A digestion is 40 nt upstream of
site A. The stalled RNA polymerases therefore protect an
RNA fragment about 30 nt long against ribonuclease A diges-
tion. The proximity of the 39 end of the nascent RNA to the
footprint at site A suggests a very close interaction between the
front end of stalled RNA polymerase II and DNA-bound poly-
omavirus large T antigen.
Until recently, technical difficulties have prevented detailed

examination of the structure of the elongating complex com-
posed of RNA polymerase II, the DNA template, and the
nascent RNA transcript. A crucial component of our under-
standing of the mechanism of transcriptional elongation and
termination is the determination of the structure and proper-
ties of this ternary complex. It has now become evident that the
structure of RNA polymerases moving along a transcription

FIG. 7. Mapping of stalled RNA polymerases with a thermosensitive virus
strain. Viral transcription complexes were isolated from cells infected with either
the wild-type AT3-Modori strain (WT) or a thermosensitive strain, AT3ts25E
(Ts), incubated for 72 h at the permissive temperature (328C), and then shifted
to the nonpermissive temperature (398C) for 2.5 h. Viral transcription complexes
were incubated with 0.1 mg of ribonuclease A per ml prior to a 10-min run-on.
RNA products were hybridized with the DNA fragment 406-11 or with a DNA
fragment (LP) spanning the late promoter region (nt 5134 to 4968). M, RNA size
markers (in nucleotides).

FIG. 8. Location of RNA polymerases stalled upstream of binding site A.
RNA polymerase II (Pol II [ellipse]) is shown protecting nascent RNA (curved
line) between nt 75 to 80 and 110, just upstream of large T antigen (TAg) bound
to site A on viral DNA. The locations of other large T antigen binding sites, as
well as the site for initiation of early transcription, are shown.
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unit is not static but instead undergoes constant changes. Work
by Krummel and Chamberlin (27, 28) with E. coli RNA poly-
merase showed that DNAse I footprints of ternary complexes,
paused artificially by deprivation of specific nucleotides, were
of different sizes, even though these complexes differed from
one another by only one or a few nucleotides on the nascent
RNA. These observations led to the ‘‘inchworm model’’ of
transcription elongation, in which the distal (rear) edge of the
footprint moves more or less simultaneously with the progres-
sion of the 39 end of the RNA, while the proximal (front) edge
moves by steps, leading to compression and expansion of the
footprint during transcription. Only a few cases of ternary
complexes involving eukaryotic RNA polymerases have been
studied so far. DNAse I footprint studies suggest that RNA
polymerase II also undergoes structural changes during the
course of transcription (32, 40).
For E. coli RNA polymerase, the distance between the prox-

imal edge of the footprint and the 39 end of the nascent RNA
has been shown to be relatively constant at 7 to 9 nt when
complexes are paused over similar sequences (35). This dis-
tance is more variable (6 to 14 nt) when complexes are halted
over different sequences (27, 28, 37). Thus, the movement of
the active site within the RNA polymerase molecule seems to
depend on the sequences being transcribed. Pavco and Steege
(38) showed that SP6 and T7 RNA polymerases were able to
extend the 39 end of the nascent RNA up to 5 to 7 nt into the
footprint of the DNA-binding protein (EcoRI) used to block
progression of these polymerases. Since these polymerases are
formed by a single polypeptide (11, 36), instead of a complex of
multiple polypeptides as for the E. coli or eukaryotic RNA
polymerases (52), they might be able to move further into the
DNA-bound protein because of their small size. The distance
between the 39 end of the RNA and the front end of RNA
polymerase II also varies among different paused ternary com-
plexes (32, 40). This variation suggests that the catalytic site for
RNA synthesis (i.e., the site in contact with the 39 end of the
nascent RNA) is flexible, since its position relative to the mass
of the polymerase is variable. Our results show that under
conditions in which RNA polymerase II has stalled naturally in
vivo, the 39 end of the nascent RNA can come as close as 5 to
10 nt from the footprint of the blocking protein.
Under the conditions we have used, the nascent RNA was

protected by RNA polymerase II against ribonuclease A di-
gestion over approximately 30 nt. This is consistent with results
from a previous report in which RNA polymerase II progres-
sion was blocked in vitro by the lack of a specific nucleotide
and reinitiation was allowed to occur (44). In that study, sev-
eral RNA polymerases accumulated upstream of the blockage
site on each template DNA molecule, and the distance be-
tween each successive RNA 39 end was about 30 nt. Inciden-
tally, we saw no evidence for the accumulation of more than
one RNA polymerase II molecule at the stalling site in the
present study. In another report, elongation by E. coli RNA
polymerase was stopped by being chilled at 08C and addition of
50 mM EDTA; a length of 226 4 nt of the nascent RNA chain
was protected against ribonuclease A digestion (43).
The presence of an RNA-DNA hybrid of 12 bp in the ter-

nary complex has been proposed in several reports (5, 18, 22,
30). However, this claim has been challenged by two lines of
evidence. Rice et al. (41) studied the size of RNA molecules
protected against digestion by high concentrations of ribo-
nucleases A and T1 by using artificially paused calf thymus
RNA polymerase II in vitro. Their results suggested the pres-
ence of a very short RNA-DNA hybrid no more than 2 or 3 nt
long. Lee and Landick (31) mapped the region of template
DNA melted by paused E. coli RNA polymerase, with a

KMnO4 base modification technique. They showed that an
8-bp region on the template strand was protected against
KMnO4 modification and attributed this protection to the
presence of an RNA-DNA hybrid. Whatever the real size of
the RNA-DNA hybrid in elongating transcription complexes
is, it is unlikely that the entire 30 nt protected in our studies is
present as an RNA-DNA hybrid. Instead, a portion of the
nascent RNA is likely to be protected via binding to the RNA
polymerase molecule. Such an interaction is now well estab-
lished; RNA polymerase II is in fact capable of interacting with
an RNA transcript in vitro in the absence of DNA (10, 21).
Data shown in Fig. 6 suggest the presence of a second

population of stalled RNA polymerases. These polymerases
might accumulate as a result of encountering large T antigen
bound only to the downstream copy of the two GAGGC target
binding sequences in site A (shown as the complementary
CGGTC sequences underlined by arrows in Fig. 1B) or per-
haps large T antigen bound to site 1/2 farther downstream.
Further work, with viruses with mutations in one or both
GAGGC sequences in site A, will be necessary to distinguish
between these alternatives. In our previous work (6), the in-
volvement of site 1/2 in RNA polymerase stalling was not
examined, since integrity of this binding site is essential for
viral DNA replication and therefore for virus viability. Large T
antigen binds as a complex double-hexamer structure to this
site, triggering DNA unwinding (9, 51) and leading to initiation
of DNA replication. RNA polymerases transcribing through
this region could conceivably dislodge DNA-binding proteins
necessary for initiation of DNA replication, in a process anal-
ogous to the inactivation of transcriptional promoters by tran-
scription from upstream sites (promoter occlusion [14, 19, 34,
49]). It is therefore possible that the function of the block to
RNA polymerase elongation at site A is to protect the poly-
omavirus origin of replication against read-through transcrip-
tion.
The data presented in this paper represent the first struc-

tural analysis of RNA polymerase II ternary complexes stalled
in vivo at a site known to be occupied by a DNA-binding
protein. Since all regulatory factors involved in transcription
were presumably present when these complexes stalled within
the intact cell, they are likely to be a faithful representation of
the elongation complex present in vivo. The strategies we used
here targeted ternary complexes capable of resuming RNA
chain synthesis in vitro, therefore allowing us to analyze spe-
cifically the active ternary complexes representative of elonga-
tion complexes in vivo.
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