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We obtained exonuclease III (exolIl) footprints for a series of RNA polymerase II transcription complexes
stalled between positions +20 to +51. Downstream advance of the exolll footprint is normally tightly coor-
dinated with RNA synthesis. However, arrested RNA polymerases slide back along the template, as indicated
by exollI footprints in which the last transcribed base is abnormally close to the downstream edge of the foot-
print. None of the polymerase II complexes stalled between +20 and +51 were arrested. Nevertheless, the exolll
footprints of complexes with 20-, 23-, or 25-nucleotide RNAs resembled those of arrested complexes, with the
last transcribed base very close to the footprint’s front edge. The exolll footprint of the +27 complex was dis-
placed downstream by 17 bp compared to the footprint of the +25 complex. Many complexes between +27 and
+42 also showed evidence of sliding back along the template. We compared the effects of template sequence and
transcript length by constructing a new template in which the initial transcribed sequence was duplicated
beginning at +98. The exollI footprints of transcription complexes stalled between +122 to +130 on this DNA
did not resemble those of arrested complexes, in contrast to the footprints of analogous complexes stalled over
the same DNA sequences early in transcription. Our results indicate that the RNA polymerase II transcription
complex passes through a major, sequence-independent structural transition about 25 bases downstream of the
starting point of transcription. The fully mature form of the elongation complex may not appear until more

than 40 bonds have been made.

It is increasingly evident that a significant number of eukary-
otic genes are regulated during the transcript elongation pro-
cess (for a recent review, see reference 29). One important
control point is in the promoter-proximal region, where regu-
lation occurs during the transition from initiation to elonga-
tion. For example, in the well-studied Drosophila hsp70 gene,
RNA polymerases can access the promoter at normal temper-
atures but the newly initiated polymerases pause 21 to 35 bases
downstream (reviewed in reference 17). Upon heat shock,
these paused polymerases are released into productive elon-
gation. The promoter-proximal attenuation mode of regulation
has been observed in a number of other genes as well (see,
for example, references 14, 21, and 25; see also the review in
reference 29).

RNA polymerases paused in the promoter-proximal region
resemble arrested RNA polymerases to some extent. Arrest,
which can occur with Escherichia coli RNA polymerase as well
as RNA polymerase II (29), results in stable ternary transcrip-
tion complexes which cannot continue transcript elongation
(9). Resumption of transcription by arrested polymerases re-
quires cleavage of a segment of the 3’ end of nascent RNA, a
reaction which is greatly stimulated by the transcript elonga-
tion factor TFIIS (also referred to as SIT) for RNA polymerase
II (9, 23) or by GreB for bacterial RNA polymerase (1).

A model to explain arrest which is now widely accepted
postulates that RNA polymerases in ternary transcription com-
plexes can translocate upstream instead of forming the next
phosphodiester bond. These complexes remain stably clamped
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to the template during the sliding process (12, 13, 16, 19, 22;
see also reference 6). Most importantly, since the transcription
bubble and the RNA-DNA hybrid also translocate upstream,
the 3’ end of the nascent RNA will be removed from the
polymerase’s catalytic site. Thus, unless the translocation pro-
cess is reversed, cleavage of the transcript at the new, upstream
location of the catalytic center is necessary to realign the 3’ end
of the RNA with the catalytic site and to allow RNA synthesis
to continue (20, 26). Normally, upstream translocation is very
unlikely in comparison with bond formation (3, 4, 11). How-
ever, at template locations which encode long runs of U resi-
dues in the transcript, the RNA-DNA hybrid is exceptionally
unstable and upstream translocation may be favored (19, 22).

The location of the RNA polymerase along the template can
be visualized by exonuclease III (exolll) footprinting. During
normal transcript elongation, the template segment protected
by the transcription complex appears to translocate along the
DNA in rough synchrony with transcript elongation (18, 27).
However, at arrest sites, the exolll footprint either remains
stationary or shifts upstream relative to the footprints of earlier
complexes (3, 12, 13, 19, 27, 30). It is important to stress that
transcription complexes may partition between upstream and
downstream conformers. We have described several RNA
polymerase II elongation complexes which show evidence of
both conformations, either by exolll footprinting (27) or by the
presence of large (7 to 17 nucleotides [nt]) transcript cleavage
products in the presence of SII (11). In some, but not all, of
these cases, a fraction of the transcription complexes appeared
arrested since they failed to resume RNA synthesis immedi-
ately upon readdition of nucleoside triphosphates (NTPs).
Thus, the tendency of a transcription complex to show mea-
surable amounts of an upstream-translocated form by exolIl
footprinting is an indication of the potential for arrest. In this
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FIG. 1. Sequence of relevant portions of the nontemplate strand of the DNAs used in these experiments. The arrows indicate the transcription start site (+1). The
first 20 nt of the initially transcribed regions from pML20-42, -45, -46, and -47 are designated by dashed underlining. The same sequence is also duplicated in pML20-49
starting at position +98. Gray boxes represent T-free segments, each of which has a Stul site (solid underline) at its downstream end. Note that the sequences down-
stream of the Stul sites are identical in all constructs. Note also that the sequence of the pML20-49 template starting from +98 is identical to that of pML20-42 starting

at +1.

context, it is particularly interesting that E. coli RNA polymer-
ase tends to slide back along the template during the initial
phases of transcription, until the addition of roughly the 28th
base to the nascent RNA (12, 18; see also reference 15). As
noted above, pausing by RNA polymerase II at similar pro-
moter-proximal locations is a significant regulatory event in
vivo. Thus, it is important to determine if RNA polymerase 11
is also prone to upstream translocation early in transcript elon-
gation.

In the studies reported here, we examined the transition
from initiation to elongation for RNA polymerase II by using
a series of transcription complexes stalled because of NTP
limitation between positions +20 and +51. None of these
complexes were overtly arrested, since all were able to elongate
their transcripts in 5-min chase reactions. However, the exolIl
footprints of complexes with 20- to 25-nt RNAs were identical
and resembled those of arrested complexes, while the footprint
of a +27 complex was displaced forward by 17 bp. In contrast,
transcription of a template in which the initial transcribed
sequence was duplicated beginning at +98 showed coordinate
advance of the polymerase footprint with RNA synthesis dur-
ing transcription from +122 to +130. Thus, the RNA poly-
merase II transcription complex, like E. coli RNA polymerase,
passes through a major, apparently sequence-independent
structural transition about 25 bases downstream of the starting
point of transcription. We also showed that footprint translo-
cation and transcription do not become fully synchronized for
RNA polymerase IT until more than 40 bonds have been made.

MATERIALS AND METHODS

Reagents. Ultrapure (fast-performance liquid chromatography purified)
NTPs, deoxynucleoside triphosphates (ANTPs), and dideoxynucleoside triphos-
phates were obtained from Pharmacia LKB Biotechnology, and ?P-labeled
NTPs and dNTPs were obtained from NEN. Bio-Gel A-1.5m was acquired from
Bio-Rad. Exonuclease III, placental ribonuclease inhibitor, Taq polymerase, and
restriction enzymes were purchased from BRL Life Technologies, Inc.

Plasmids. All plasmids used in this study were based on pML20-23, which
contains the adenovirus 2 major late promoter cloned into pUC18 (27). Plasmids
pML20-42, -45, -46, and -47 differ from pML20-23 in two ways. First, a C residue
at position +17 on the template strand was changed to G, and second, the DNA

from +20 to the Stul site (which is located at +149 in pML20-23) was replaced
with a much shorter DNA segment. The sequences of pML20-42, -45, -46, and
-47, beginning at +1, are shown in Fig. 1.

Construction of pML20-49 was a two-step process. First, the pML20-42 plas-
mid was modified by inserting a second copy of the sequence from +1 to +20 at
position +20. From this intermediate construct we assembled pML20-49 by
inserting, again at +20, a segment of the G-free cassette from pC,AT (28)
(kindly provided by R. G. Roeder). The fragment of pC,AT was generated by
PCR and inserted so that there were no G residues on the nontemplate strand
of pML20-49 between +1 and the Stul site, which begins at +120. The nontem-
plate strand of pML20-49 starting at +98 is shown in Fig. 1. All of the pML20-40
series templates were verified by sequencing.

Template preparation for in vitro transcription reactions. Plasmid DNAs
were prepared by double banding in CsCl. Plasmids were linearized by digestion
with either SstI for nontemplate strand labeling or PstI for labeling of the
template strand. Linearized DNA was treated with calf intestine phosphatase
and labeled with [y-*>P]JATP to a typical specific activity of 3 X 10° to 6 X 10°
cpm/pg with T4 polynucleotide kinase (New England Biolabs). DNA labeled at
the SszI end was subsequently digested with EcoRI, which gave two fragments: a
uniquely single-end-labeled DNA containing the promoter and the transcribed
sequence (approximately 2.8 kb) and a small (12 bp) end-labeled EcoRI-Sst1
fragment. Similarly, DNA labeled at the PstI end was digested with HindIII,
which also gave a uniquely single-end-labeled DNA and a short (25 bp) frag-
ment. Template DNAs were purified by phenol-chloroform extraction and eth-
anol precipitation before use in transcription.

Assembly, purification, and analysis of ternary transcription complexes. Ter-
nary complexes stalled at specific positions on the DNA were generated essen-
tially as previously described (27). Briefly, preinitiation complexes were assem-
bled on end-labeled templates by incubation with HeLa cell nuclear extract. In a
typical experiment, the reaction volume was 200 pl, and the total template DNA
concentration in these reactions was 20 to 35 pg/ml. Residual NTPs were re-
moved by gel filtration on Bio-Gel A-1.5m. On all templates, complexes were
advanced to position +20 (U20 complexes) by incubation with 2 mM ApC, 10
uM dATP, 20 pM UTP, and 1 uM [a->*P]CTP at 30°C for 5 min followed by
another 5-min incubation after the addition of CTP to 20 wM. The stalled ternary
complexes were further purified by Sarkosyl rinsing: Sarkosyl was added to 1%
and incubated for 5 min at 30°C, followed by Bio-Gel A-1.5m gel filtration. A
complete description of Sarkosyl rinsing is given in reference 7. Sarkosyl-rinsed
U20 complexes were incubated at 37°C with 8 mM MgCl, and either 20 M
ATP, GTP, and CTP for 5 min (for all templates except pML20-49) or 20 uM
ATP, UTP, and CTP for 10 min (for pML20-49) followed by another round of
gel filtration. The last step was omitted for production of the U20, A23, G25, and
C27 complexes on the pML20-42 template.

After the Sarkosyl rinsing-gel filtration step, all complexes assembled on the
SstT end-labeled template were incubated with restriction enzymes Stul and
HindIII (0.2 U/pl each) for 10 min at 37°C. Analogous complexes assembled on
templates labeled at the PstI site were treated with Stul and EcoRI (0.2 U/ul
each) for 10 min at 37°C. Placental ribonuclease inhibitor was added to the
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reaction mixture at this and all subsequent steps to a final concentration of 50
U/ml. After the restriction enzyme digestion, complexes were either immediately
treated with exoIlII or incubated with an appropriate subset of NTPs and then
with exolll, as indicated later in the text. The exollI digestion was done for 6 min
at 37°C at either a 2- or a 5-U/pl final concentration. The reactions were stopped
by adding EDTA to a final concentration of 20 mM. In the indicated cases, half
of the sample underwent additional treatment with RNase A (50 wg/ml for 30
min at 37°C). DNA and RNA were purified by proteinase K digestion (0.2 mg/ml
for 10 min at 37°C), phenol-chloroform extraction and ethanol precipitation.
Samples were resolved on denaturing polyacrylamide gels and visualized by
autoradiography (Kodak X-AR or Kodak Biomax) and with a PhosphorImager
(Molecular Dynamics).

Markers. Exact DNA length markers were generated by primer extension with
the same DNA template employed in the experiment, ANTP mixes with a single
dideoxynucleoside triphosphate, [a->>P]dCTP, Taq polymerase, and synthesized
primers. Primers were phosphorylated before addition to the reaction.

RESULTS

Experimental design. In order to study transcription com-
plexes paused early in the elongation process, we constructed
a set of four templates, pML20-42, -45, -46 and -47, which
allowed us to stall RNA polymerase II at many locations
from 20 to 51 bases downstream of the transcription start
site. We use the term “stall” to designate RNA polymerases
which have stopped transcription because the next NTP re-
quired for chain elongation is missing from the reaction mix-
ture. Stalled polymerases are not arrested; that is, they resume
transcription when the necessary NTPs are supplied. The ini-
tial transcribed regions of the pML20-40 series DNAs are
shown in Fig. 1. Each promoter contains the adenovirus 2
major late TATA element and initiator. The prototypical tem-
plate, pML20-42, consists of a polypyrimidine segment from
+2 to +20 on the nontemplate strand followed by a cleavage
site for the restriction enzyme Stul. Downstream of the Stul
site is a triplet repeat segment (... TTTGGGAAACCC...)
and vector DNA. All of the pML20-40 constructs are based on
the pML20-23 plasmid which we used in our previous study of
RNA polymerase II elongation complexes (27). In pML20-23,
the Stul site begins at +147 (Fig. 1). To construct pML20-42,
the DNA between +22 and +147 in pML20-23 was deleted;
for pML20-45, -46 and -47, an additional 5, 10, or 15 bases
upstream of the Stul site were added back into pML20-42.
Note that while the original sequence upstream of the Stul site
in pML20-23 was generally preserved in pML20-45, -46 and -47
(Fig. 1), some base changes were necessary to allow convenient
assembly of transcription complexes at desired template loca-
tions. RNA polymerases stalled at or downstream of the Stul
site on the pML20-40 series templates should for the most part
contact the same DNA sequences as polymerases stalled at
comparable locations on pML20-23. This is significant because
exollI footprints of RNA polymerase II advanced in synchrony
with transcription as the polymerase transcribed the triplet
repeat segment in pML20-23 (27). Thus, the pML20-40 series
plasmids should not contain DNA sequences at or downstream
of the site of RNA polymerase stalling which provide an in-
trinsic block to the advance of the RNA polymerase or which
tend to provoke upstream translocation by stalled RNA poly-
merases. The most upstream DNA contacts for some transcrip-
tion complexes on the pML20-40 series plasmids will differ
from those on pML20-23, because the initial transcribed re-
gion has replaced the original upstream DNA. We will return
to this point below.

The generation of RNA polymerase II complexes halted at
defined sites on the template has been described in detail
previously (7, 27). Briefly, preinitiation complexes were formed
by incubation of DNA with HeLa cell nuclear extract and
purified by gel filtration. Incubation of these complexes with
ApC, GTP, UTP, and [a-**P]CTP resulted in the production of
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stable U20 complexes (Fig. 1). These complexes were purified
by the addition of 1% Sarkosyl followed by gel filtration (Sar-
kosyl rinsing), which removes the detergent, the NTPs, and
most proteins, including free transcript elongation factors. The
Sarkosyl-rinsed U20 complexes were advanced to the Stul site,
digested with Stul, and then gel filtered again to remove NTPs.
Treatment with Stul was necessary because only about 1% of
the templates are occupied by RNA polymerase II; unless the
background created by incomplete exolIl digestion of these
nontranscribed DNAs is eliminated, it is not possible to detect
the exollI protection conferred by the transcription complexes
(27). All of the complexes we analyzed stopped transcription
within 12 bases in either direction of a Stul site in order to
guarantee that the restriction enzyme site would be protected.
After Stul treatment, the RNA polymerases were advanced to
various downstream stalling sites with subsets of the NTPs and
treated with exolll.

Elongation complexes stalled in the initially transcribed re-
gion are transcriptionally competent. Although the transcribed
segments of the pML20-40 series plasmids did not contain any
sequences which resembled known arrest sites, we wanted to
verify that all complexes involved in the study were transcrip-
tionally competent. Transcripts generated on the pML20-42
template are shown in Fig. 2A. In this experiment, in which
only the RNA was labeled, complexes were initially brought to
position +23, gel filtered, and then advanced to +25, +27, or
+33 by incubation with the appropriate subset of NTPs. All of
these complexes could chase to the end of the template (Fig. 2)
when all four NTPs were supplied. Thus, complexes A23, G25,
C27, and G33 were genuinely stalled and not arrested. We
always observed a small proportion (5 to 10%) of complexes
that failed to restart whenever RNA polymerase II was halted
in chain elongation at any template position. The amount of
residual RNA seen in Fig. 2A is typical for stalled complexes
(27). We performed similar experiments for all of the tran-
scription complexes presented in this paper. In all cases only a
very small proportion of the nascent RNA failed to chase (data
not shown).

The exolll protection patterns generated by RNA polymer-
ase II elongation complexes stalled at sequential pausing sites
in the initially transcribed region. Our initial exolll studies
were performed on stalled complexes at positions +20, +23,
+25, and +27 on the pML20-42 template. The RNAs for each
complex are shown in Fig. 2B, lanes 2 to 5. In this case both
template and transcript were labeled; to distinguish between
RNA and a background of bands from the DNA, a portion of
the U20 sample was treated with RNase A (lane 1). The ability
to chase the U20 RNA to the end of the template (lane 6)
indicated that the U20 complex was fully transcriptionally com-
petent. The downstream, or front-edge, boundaries of tem-
plate protection for the U20, A23, G25, and C27 complexes
were determined by exolll digestion after Stul cleavage, as
described above. The results are shown in Fig. 3A. Most of the
template DNA was cleaved by Stul (lanes 1 and 2), consistent
with transcription of only a few percent of the templates by
RNA polymerase II. When U20 complexes were treated with
exolIl, the Stul-resistant DNA was truncated to a band whose
downstream edge maps to +28 (band marked by dot, lanes 3
and 4). This band was absent when the complexes were chased
before exolll digestion (lanes 15 and 16), consistent with our
assignment of the band as the front edge of the U20 transcrip-
tion complex. The location of the U20 complex front edge, only
7 nt downstream of the last transcribed base, was surprising.
This configuration is typical for arrested complexes, in which
the RNA polymerase has translocated upstream (27; see also
reference 3), even though the U20 complex showed no evi-
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FIG. 2. RNA polymerase II elongation complexes stalled in the initially transcribed region remain transcriptionally competent. Stalled transcription complexes were
generated on the pML20-42 template as described in Materials and Methods except that in panel A the complexes were initially advanced to +23 and Sarkosyl rinsed
at this location, not at +20. The sequence of the template strand of pML20-42 starting at +1 is shown at the bottom of the figure. For both panels, RNAs were resolved
on 12% polyacrylamide gels. (A) In this experiment only the RNA was labeled. Complexes were advanced from +23 to the indicated locations by incubation with a
subset of the NTPs, except for the G33* complex (lane 9) which was generated by incubating C27 complex with UTP. Portions of each complex were chased to the
end of the template by adding missing NTPs (even numbered lanes). The arrowhead indicates runoff (RO) transcript. (B) U20 complexes were supplied with subsets
of the NTPs to form A23, G25, or C27 complexes, or chased to runoff (RO, lane 6). In a separate experiment, C27 complexes formed from U20 complexes were gel
filtered and further advanced to form U30, G33, or A36 complexes, or chased to runoff. Portions of the U20 and C27 complexes were treated with RNase A (#; lanes

1 and 7) to distinguish between labeled RNA and background DNA bands.

dence of arrest. Furthermore, the front edges of the A23 and
G25 complexes were identical to the U20 front edge (Fig. 3A,
lanes 6, 7, 9, and 10), while the leading edge of the C27
complex was displaced 17 bases down the template, to +45
(lanes 12 and 13).

As with the leading edges, the upstream boundaries of the
U20, A23, and G25 complexes were essentially identical, while
the C27 boundary was displaced well downstream (Fig. 3B).
The rear-edge boundary was reproducibly more diffuse for
several of the complexes (compare with Fig. 3A); we also
observed this effect with the upstream boundaries of a number
of the complexes we studied previously (27). The bands corre-
sponding to the upstream boundaries were absent when the
complexes were chased to runoff before exolIlIl digestion (Fig.
3B, lanes 15 and 16).

The results from Fig. 3 are summarized schematically in Fig.
7. The elongation complexes are represented by boxes and the
positions of the last transcribed bases are designated by dots.
For the sake of simplicity, only the nontemplate strand of DNA
is shown, even though the rear edges were mapped on the
template strand. The overall dimensions of the complexes, as
judged by the length of template protected, did not change
substantially among the four stalled complexes, consistent with
the results obtained in earlier work (27). The strongly discon-
tinuous advance of the exolII footprint in complexes U20, A23,
G25, and C27 is in sharp contrast to our previous results with

a series of complexes stalled over analogous DNA sequences
(but much further downstream of the transcription start site)
on the pML20-23 template (27). However, the results in Fig. 3
are very similar to those reported for a series of E. coli RNA
polymerase complexes stalled at positions +25 to +30 (18). It
is particularly striking that the exollI footprint of the bacterial
polymerase advanced by nine bases as a result of adding only
three more bases to the transcript of a complex at +27 (18).
Apparent discontinuous movement of the RNA polymerase
footprint was also reported in a comparison of the DNase I
protection patterns obtained with E. coli RNA polymerase
complexes stalled between +11 and +35 (15), although the
differences between footprints were more complex than those
seen with exolll. Thus, a major structural transition may occur
for both bacterial RNA polymerase and mammalian RNA
polymerase II during transcription about 25 bases downstream
of the transcription start site. We will return to this possibility
in the Discussion.

The unexpected results with the exollII footprints of the U20,
A23, G25, and C27 complexes prompted us to ask whether
RNA polymerase II complexes stalled somewhat further down-
stream of +1 would also show anomalous footprints. The de-
sign of the pML20-42 template allowed us to generate com-
plexes paused at positions +30, +33, and +36 (U30, G33, and
A36 complexes, respectively). RNAs from each of these com-
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plexes are shown in Fig. 2B, lanes 8 to 11. Note that the C27
complex was fully active when chased (lane 12).

The front-edge boundaries of the C27, U30, G33, and A36
complexes were determined essentially as described above.
The results, shown in Fig. 4A, were unanticipated in two re-
spects. First, the front edges for the U30, G33, and A36 com-
plexes were not substantially displaced downstream in compar-

+30 +40 +50

I
Stul

FIG. 3. The exollI footprints of U20, A23, G25, and C27 complexes on the pML20-42 template. A segment of nontemplate DNA strand sequence is shown at the
bottom of each panel. (A) The front-edge boundaries of RNA polymerase II elongation complexes were determined with DNA labeled at the 5" end of the nontemplate
strand as described in Materials and Methods. DNAs were resolved on a 6% polyacrylamide gel. ExolII reactions on U20 complexes chased to the end of the template
with all four NTPs are shown in lanes 14 to 16. Solid dots mark the position of the major downstream protection boundary for each complex; the residual protection
at +28 in lanes 12 and 13 is indicated by the open dot. The numbers in the left margin indicate the positions of bands relative to the transcription start site. The actual
lengths of the DNA fragments equal the number indicated plus the 70-bp upstream fragment. Exact DNA length markers (lanes 17 to 20) were generated by primer
extension from the same DNA template used for transcription. (B) The rear-edge boundaries of RNA polymerase elongation complexes (indicated by solid dots) were
obtained as described for panel A, except that DNA was labeled at the 5" end of the template strand. DNAs were resolved on a 10% polyacrylamide gel. The actual

ison with the C27 complex boundary. Also, the boundaries of
the U30, G33, and A36 complexes were clearly partitioned
between a set of bands at +44 to +49 and a band at +28; this
latter band appeared as a minor part of the C27 front-edge
pattern as well (lanes 3 and 4, Fig. 4A; see also lane 13 of Fig.
3A). Both the +44 to +49 and the +28 bands were absent in
the chase control (lanes 15 to 16). Thus, there appeared to be
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FIG. 4. The exolll footprints of RNA polymerase II elongation complexes between positions +27 and +36 on the pML20-42 template. The sequence of the
nontemplate DNA strand is shown at the bottom of each panel. Numbers in the left margins of both panels indicate distances downstream of the transcription start
site. (A) U20 complexes were supplied with ATP, GTP, and CTP to stall polymerase at position +27; the C27 complexes were then gel filtered, treated with Stul, and
advanced to the indicated positions by incubating with subset of NTPs. Front-edge boundaries were obtained as described in Materials and Methods. DNAs were
resolved on a 6% polyacrylamide gel. The exollI reactions on C27 complexes chased to the end of the template with all four NTPs are shown in lanes 14 to 16. The
front edges of the more downstream conformations (see text) are marked by solid dots and the front edges of the more upstream conformations are indicated by open
dots. Exact DNA markers are shown in lanes 17 to 20. (B) The rear-edge boundaries of RNA polymerase elongation complexes were obtained as just described, except
that the DNA was labeled at the 5’ end of the template strand. DNAs were resolved on a 10% polyacrylamide gel.

two populations of RNA polymerases within each of the stalled
complexes. The more upstream conformation was the more
abundant complex for G33 and A36, even though the last tran-
scribed base is downstream of +28 for each of these com-
plexes. In our earlier studies, the presence of two exollI foot-
prints for a single transcription complex correlated with a

subset of arrested complexes (27). However, the U30, G33, and
A36 complexes (Fig. 2B, lanes 8 to 11) did not show a signif-
icant population which failed to chase. The upstream exolIl
boundaries of the C27, U30, G33, and A36 complexes are
shown in Fig. 4B. Unlike the front-edge boundaries, the rear
edges were displaced downstream with RNA synthesis, al-
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though the extent of this displacement did not match the in-
crease in transcript length. Surprisingly, we failed to detect
partitioning between two distinct conformations as we did for
the front edges.

The experimental results from Fig. 4 are summarized in Fig.
7. For clarity, only the more downstream of the U30, G33, and
A36 front edges are shown. It seems very unlikely that the
transcription complex could adopt a conformation in which it
protects less than 10 base pairs of template (which would be
the case for the A36 complex with a leading edge at +27 and
a trailing edge at +17 to +21). In this context, it is important
to note that our footprinting experiment involves 6 min of
exposure to the exonuclease. If a particular stalled complex is
in true equilibrium between two template locations, progres-
sive exollI digestion will tend to emphasize the more upstream
of the possible front edges and the more downstream of the
possible rear edges, thus leading to an apparently shortened
footprint. This model does not indicate why we failed to detect
a second, more upstream conformation in the rear-edge deter-
mination (Fig. 4B). At present, we do not have a good expla-
nation for this discrepancy, but it is worth noting that the
upstream exolll boundaries for the U30, G33, and A36 com-
plexes are quite diffuse. It would be very difficult to detect a
second boundary if the signal from this edge were also spread
out over many bands.

DNA protection patterns generated by RNA polymerase 11
elongation complexes stalled between positions +32 and +51.
To generate complexes stalled downstream of position +36 we
used the pML20-45, -46 and -47 templates (Fig. 1). We deter-
mined the front and back edges of exollI protection for C32,
U35, G38, and A41 complexes on the pML20-45 template and
for C37, U40, G43, and A46 complexes on the pML20-46
template. The results of these experiments are summarized in
Fig. 7 (primary data are not shown). Most of these complexes
showed the predicted exolll footprint for stalled, transcrip-
tionally competent complexes; that is, 30 to 35 bp of DNA was
protected with the last transcribed base located just upstream
of the center of the footprint (27). However, the U35 complex
on pML20-45 and the U40 complex on pML20-46 did not
conform to this pattern. The U35 complex footprint was dis-
placed upstream slightly relative to the footprint of the C32
complex on the same template. Both of the U35 and U40
complexes have three U residues at the 3’ ends of their nascent
RNAs. Thus, tight linkage of footprint translocation with RNA
synthesis was not achieved even with complexes containing
RNAs as long as 40 nt.

The pML20-47 template was used to produce C42, U45, G48,
and A51 complexes. Results of mapping of the front and back
edges of these complexes with exollI are shown in Fig. SA and
B and summarized in Fig. 7. Although we were not able to
determine unambiguously the back-edge boundary for the A51
complex, it seems clear that synchrony between RNA synthesis
and footprint translocation was observed with this set of four
complexes. It is particularly interesting that the U45 complex,
unlike complexes U35 and U40, did not show any evidence of
upstream translocation.

The exollI protection patterns for RNA polymerase II com-
plexes stalled far downstream of the transcription start site.
Footprint translocation and transcription were tightly linked
during far-downstream transcription on pML20-23 (27), but
this linkage was lost during transcription of similar DNA se-
quences in a promoter-proximal location (see Fig. 7). This
difference could have resulted from the difference in transcript
length between the two sets of complexes. However, the oth-
erwise analogous complexes on the pML20-23 and pML20-40
series templates did not have identical upstream DNA con-
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tacts, because of the initial G-free cassette which is present in
the pML20-40 series plasmids. In order to assess the role of
transcript length without the complication of differences in
template sequence, we constructed the pML20-49 template. In
this DNA, the initially transcribed segment of pML20-42
was duplicated beginning at +98 in pML20-49. The dupli-
cated regions are separated by a G-free cassette. The se-
quence of pML20-49 from +98 downstream is shown in Fig. 1.

We assembled U20 complexes on the pML20-49 template,
Sarkosyl rinsed the complexes, and advanced the RNA poly-
merases through the G-free cassette to +120 with ATP, UTP,
and CTP. After a second round of gel filtration, some of the
A120 complexes were walked to G122, C124, or G130. The
front- and rear-edge boundaries of these complexes as deter-
mined with exolII are shown in Fig. 6A and B and summarized
in Fig. 7. Despite considerable effort, we failed to detect up-
stream or downstream edges for the A120 complex, although
this complex was stable and fully transcriptionally competent
(data not shown). Note that the numerous faint bands which
appeared in the A120 footprinting reactions (lanes 3 and 4)
were also present in the chase control (lanes 15 and 16). The
C124 complex has the same underlying template sequence as
the C27 complex (Fig. 7), and the front-edge footprints of both
complexes were essentially identical. However, there is a dra-
matic difference in the footprints of the analogous pair of G25
and G122 complexes. The G25 footprint is translocated far
upstream, such that the front edge is only 3 bp from the last
transcribed base, while the front edge of the G122 complex is
18 to 20 bp downstream from the last transcribed base, as is
typical of transcriptionally competent complexes. Finally, the
G130 complex also has a typical stalled-complex footprint,
while the analogous G33 complex has an abnormally short
footprint shifted upstream relative to the last transcribed base.
Most significantly, the G130 footprint showed no evidence for
a second, far-upstream conformation, in contrast to the G33
complex. Since the template and transcript sequences are iden-
tical for at least 26 bases upstream of the last transcribed base
for the G25-G122, C27-C124, and G33-G130 complex pairs,
we conclude that the upstream translocation of the exolll
footprint for the G25 and G33 complexes cannot be attributed
to the sequence context and therefore most probably results
from proximity to the transcription start site.

DISCUSSION

We have investigated the movement of RNA polymerase II
during early elongation by using a series of complexes stalled
between positions +20 and +51. To summarize our central
observation, we found that polymerase II transcription com-
plexes pass through a major transition about 25 bases down-
stream of the transcription start site. In the case of several of
the complexes we studied, for example those with 20-, 23-, or
25-nt nascent RNAs, the predominant template location as
judged by exollI footprinting was far upstream of the expected
position. Upstream displacement of the footprint is character-
istic of arrested transcription complexes (3, 12, 13, 19, 27, 30).
Although RNA polymerase II complexes with upstream-dis-
placed footprints are not always arrested (as, for example, we
showed in our earlier work [27]; see also Rice et al. [24]), it is
nevertheless striking that all of the promoter-proximal com-
plexes we tested were able to elongate their nascent RNAs in
5-min chase reactions with excess NTPs.

In order to put these findings into the context of our current
understanding of the mechanism of transcript elongation by
RNA polymerase, it is useful to briefly review recent work in
this area. Models have been put forward, based primarily on
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FIG. 5. The exolll footprints of RNA polymerase II complexes stalled between +42 and +51 on the pML20-47 template. The sequence of the nontemplate DNA
strand is shown at the bottom of each panel. Numbers in the left margins of both panels indicate distances downstream of the starting point of transcription. (A)
Front-edge boundaries of RNA polymerase elongation complexes were obtained as described in Materials and Methods. DNAs were resolved on a 6% polyacrylamide
gel. Dots indicate the major boundaries. Exolll reactions on C42 complexes chased to the end of the template are shown in lanes 14 to 16; exact DNA length markers
are shown in lanes 17 to 20. (B) Rear-edge boundaries of RNA polymerase elongation complexes were obtained as just described, except that DNA was labeled at the

5" end of the template strand. DNAs were resolved on a 10% polyacrylamide gel.

studies of E. coli RNA polymerase, to explain the apparent
lack of synchrony of transcription and translocation of the
polymerase footprint in certain transcription complexes. In the
“sliding clamp” model (reviewed in reference 16), it is envi-
sioned that RNA polymerase is able to translocate backwards
along the DNA template as an alternative to making additional
phosphodiester bonds. This upstream movement carries the
transcription bubble, the RNA-DNA hybrid, and the active site
away from the 3’ end of nascent RNA, resulting in a ternary
complex which cannot continue transcription (12, 13, 19). The
primary driving force for this upstream movement is thought to

be the presence of a relatively weak RNA-DNA hybrid at the
3’ end of the transcript, which is replaced by a stronger hybrid
via upstream translocation (19, 22). In particular, those com-
plexes with the weakest possible hybrid at the 3’ end (U-A)
should be especially prone to upstream translocation. Thus,
the sliding clamp model suggests a simple explanation for the
nonsynchrony of transcription and footprint translocation in
arrested complexes: at arrest sites, RNA polymerase slides up-
stream to a stable, more energetically favored position. It is
this stable upstream location, and not the transient down-
stream location that immediately preceded arrest, which is de-
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FIG. 6. Exolll footprints of RNA polymerase II elongation complexes stalled far from the transcription start site on the pML20-49 template. The sequence of the
nontemplate DNA strand is shown at the bottom of each panel. Numbers in the left margins of both panels indicate distances downstream of the transcription start
site. (A) Front-edge boundaries were determined as described in Materials and Methods. DNAs were resolved on a 6% polyacrylamide gel. The exollII reactions on
A120 complexes chased to the end of the template with all four NTPs are shown in lanes 14 to 16. Dots mark the positions of the major boundaries; note that no
boundary could be detected above the chase background for the A120 complex. Exact DNA length markers are shown in lanes 17 to 20. (B) Rear-edge boundaries
of RNA polymerase elongation complexes were obtained as just described, except that the DNA was labeled at the 5' end of the template strand. DNAs were resolved
on a 10% polyacrylamide gel. Boundaries were detected only for the C124 and G130 complexes.

tected by the relatively slow footprinting procedure (12, 13).
The sliding clamp model treats arrest as a dynamic phenome-
non. There is no mechanistic or structural difference between
stalled and arrested complexes (such as compression of the ar-
rested polymerase along the template [2, 18]). Arrested com-
plexes cannot restart transcription only because of the partic-
ularly unfavorable sequence context near the 3" end of the RNA
(19, 22).

This model envisions arrested complexes as stably occupying
upstream template locations. It also predicts the existence of
elongation-competent complexes in equilibrium between two

or more conformers, with only the most downstream confor-
mation capable of productive elongation (12). Many of our
findings support this latter aspect of the sliding clamp model.
Partitioning of the RNA polymerase II elongation complex
between two locations is clearly illustrated by the complexes
stalled at positions 27, 30, 33, and 36 on the pML20-42 tem-
plate (Fig. 4A). In the C27 complex, the predominant footprint
was that expected for a transcriptionally competent polymer-
ase (27), with the transcript 3’ end centrally located. However,
as transcription progressed to +30, +33, and +36, two distinct
footprints became evident. The more upstream of these had
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FIG. 7. Schematic summary of the exolll protection experiments. Only the nontemplate strand of DNA is shown. The elongation complexes are represented by the
boxes. The positions of transcript 3’ ends are designated by dots. Note that only the more downstream conformation is shown for complexes U30, G33, and A36. The
pML20-42 and pML20-49 sequences are aligned to facilitate comparison of the footprints of pairs of analogous complexes, that is, complexes for which the
transcript-template sequences are identical in the region near the 3’ end of the nascent RNA.

the same front edge as complexes U20, A23, and G25. Thus, conformers in a transcriptionally competent complex was pro-
we suppose that complexes U30, G33, and A36 are in equilib- vided by the A120 complex on the pML20-49 template. De-
rium between a relatively stable upstream conformation and a spite repeated attempts, we could not detect any exolll pro-
transcriptionally competent downstream conformation. Dur- tection by either the upstream or the downstream edge of this
ing the 5-min chase period, essentially 100% of the complexes complex. However, the complex was fully active in transcrip-
must occupy the downstream conformation for at least the tion; indeed, the footprintable G122, C124, and G130 com-
brief time required to make an additional bond, since all of the plexes were produced by walking the A120 complex forward

complexes could resume transcription in 5 min when supplied with subsets of the NTPs. When the A120 complex was chased
with excess NTPs. Based on the relative proportion of the two with 3" dGTP to generate a G121 complex, a weak front-edge
footprints, the upstream conformer represents the predomi- footprint was observed (data not shown). We interpret the
nant structure for the G33 and A36 complexes. failure to detect any A120 footprint as evidence for many

The most dramatic example of the existence of multiple conformations which were relatively stable during the course
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of the experiment. With the footprint signal spread out over
many bands, we presume that it became undetectable above
the background.

Other aspects of our results are not easily explained by the
sliding clamp model as described above. First, while we clearly
observed upstream conformers for many of our complexes,
upstream translocation in most of these cases could not have
been driven by weak RNA-DNA hybrids. Complexes A23 and
G25, for example, both show a single, apparently very stable
template location well upstream of the expected position, but
the 3" ends of the RNAs in these complexes are not U rich.
What drives upstream translocation for these complexes, and
why are they not arrested?

The predominance of the upstream conformation in com-
plexes U20, A23, and G25 must be primarily due to the length
of the transcript and not to the template or transcript se-
quence. This is demonstrated by comparison with analogous
complexes assembled on the pML20-49 template. Note that the
RNA-DNA hybrids are identical in the G25-G122 and G33-
G130 pairs (Fig. 7). However, the complexes stalled on the
pML20-49 template did not show any upstream-displaced con-
formers. Since both sets of complexes were prepared in an
identical manner, including Sarkosyl rinsing at position +20,
the only difference is the lengths of the nascent RNAs. It is not
immediately obvious why promoter-proximal stalling should
strongly favor sliding back along the template, an effect which
was also observed with E. coli RNA polymerase (18). It is,
however, interesting that the first complex to show a stable
downstream conformer was C27. The length of RNA which
early RNA polymerase II transcription complexes will protect
against attack by ribonuclease is about 25 bases (5, 17a). Thus,
it is tempting to speculate that filling an RNA binding site or
channel is necessary to begin to lock the RNA polymerase into
a stable elongation configuration. If this idea is correct, the
association of more than 25 bases of RNA with the polymerase
must be required to complete the conversion to the elongation-
committed form, since a tight linkage between transcript elon-
gation and downstream translocation of the exollI footprint is
not achieved until the nascent RNA is more than 40 bases long
(Fig. 7).

It is important to note that while transcript length is an
overriding feature in the positioning of early elongation com-
plexes on the template, transcript-template sequence also plays
a role. For example, the G38 complex on the pML20-45 tem-
plate was stalled at almost the same distance downstream of
+1 as the C37 complex on the pML20-46 template, but the
DNA protection pattern was quite different between these two
complexes (Fig. 7). The U35 complex on the pML20-45 tem-
plate and the U40 complex on the pML20-46 template both
had nascent RNAs which end in three U residues, so it is not
surprising that the footprints for these complexes were dis-
placed upstream. However, complexes U30 on the pML20-42
template and U45 on the pML20-47 template, which also had
three U residues at the end of their RNAs, gave footprints
which were not displaced upstream. In this context, the obser-
vations of Rice et al. should be noted (24). In that study,
DNase I footprints were generated of two elongation-compe-
tent RNA polymerase II complexes stalled at G135 and U138.
The footprint of the more downstream U138 complex, whose
nascent RNA ended with ... UUU3’, was slightly upstream of
the footprint for the G125 complex. Thus, the exact sequence
context must be crucial in determining whether upstream dis-
placement will occur.

Complexes such as G33 and A36, which showed partitioning
between upstream and downstream conformers in footprint-
ing, were entirely transcriptionally active when chased. This
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presumably reflects a very high probability that all of these
complexes can occupy the downstream, transcriptionally com-
petent state for at least the time required to make another
bond (probably about 0.2 s; see reference 8) during the 5 min
of incubation with high levels of NTPs. It is more difficult to
understand the transcriptional activity of complexes such as
U20, A23, and G25. The only detectable footprints for these
complexes show a conformation in which the polymerase has
translocated far upstream. This is the same pattern we (27) and
others (3, 13, 19) have observed with arrested complexes. If the
G25 complex, for example, can occupy a downstream confor-
mation for a sufficient time to resume transcription during a
5-min chase, why do arrested complexes fail to resume elon-
gation under the same conditions? This difference presumably
reflects the importance in the arrest process of a U-rich 3’ end
on the nascent RNA. We suppose that all complexes which
show only upstream conformers by exolll analysis have some
probability of sliding downstream towards the transcriptionally
competent configuration. However, the active site in arrested
complexes may be prevented from reaching the 3’ end of the
RNA because this segment of RNA is U rich in arrested
complexes. The weak U-A hybrid would destabilize the com-
plex to an increasing extent as downstream translocation con-
tinued, making it very unlikely that the active site would actu-
ally reach the 3’ end. In complexes such as G25, this barrier
would not exist. Thus, two complexes which both show foot-
prints translocated far upstream of the expected location might
nevertheless have very different abilities to resume transcript
elongation.

Arrested elongation complexes may cleave RNA as far up-
stream as 17 bases from the 3’ end when exposed to SII or
pyrophosphate (11, 26). The size of the cleavage products
correlates with the extent of upstream translocation of the
elongation complex, because the catalytic site of RNA poly-
merase itself is the cleaving agent (26). The increment of
SII-mediated cleavage in complexes stalled early in elongation
has been addressed in a limited way by earlier work in this
laboratory (9, 10). In particular, SII-mediated cleavage in a
20-mer complex (with a sequence very similar to the U20
complex tested here) liberated primarily dinucleotides and a
much lower level of large cleavage fragments (10). This result
appears to contrast with the footprint of the U20 complex
determined in the present study, which shows that complex
exclusively in the upstream conformation. To explain this ap-
parent contradiction, we would note that during upstream
translocation RNA polymerase should pass through interme-
diate steps between the most downstream and upstream con-
formers. If the residence time of RNA polymerase at these
intermediate positions is usually sufficient for cleavage to oc-
cur, one would generally observe processive cleavage of the
transcript from the 3’ end with the release of dinucleotide
fragments. As noted above, the weak RNA-DNA hybrids in
arrested complexes might cause the most downstream of the
translocation intermediates in such complexes to be extremely
short lived. Cleavage would therefore be improbable until
RNA polymerase reached more upstream locations. Translo-
cation kinetics will not affect the equilibrium distribution be-
tween upstream and downstream configurations. Thus, the ex-
perimentally observed footprints would look similar for truly
arrested complexes and upstream-translocated, but elonga-
tion-competent, stalled complexes.

As a final comment, it is important to acknowledge certain
technical limitations of our current study. First, all of our
exolll footprinting experiments (those described in both ref-
erence 27 and the present work) used RNA polymerases ini-
tiated at an adenovirus 2 major late promoter with a G-free
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initially transcribed region. Thus, we cannot address the role
that different promoter elements (such as the TATA box or the
initiator) might play in the structural transition from initiation
to elongation. Second, it should also be emphasized that we
probably removed all of the transcription initiation factors
from our ternary complexes by the Sarkosyl rinsing procedure,
and thus we cannot know what effect the retention of these
factors would have on the results of the footprinting assay. We
have not determined the protein content of our Sarkosyl-
rinsed complexes directly since the amount of RNA polymer-
ase, for example, would be much too low to detect by staining
methods. However, we can infer the absence of initiation fac-
tors from a number of considerations. Based on the results of
Zawel et al. (31), one would expect that TFIIB and TFIIE,
which leave the transcription complex before the formation of
the tenth bond, would be missing from all of the complexes we
assayed. We can also assume that TFIID is not present in our
complexes, since exolll could not have digested through DNA
in the promoter region to give upstream transcription complex
boundaries in the vicinity of +1 (Fig. 3B) if the TATA box and
surrounding DNA had been tightly complexed with protein.
Since TFIIF strongly stimulates elongation by Sarkosyl-rinsed
complexes (8), it seems unlikely that such complexes retain
significant amounts of TFIIF. Perhaps the most interesting
question is whether TFIIH remains in our rinsed complexes;
this is a formal possibility, since Zawel et al. (31) showed that
(in the absence of Sarkosyl rinsing) TFIIH does not leave the
ternary complex until at least 30 bonds are made. One could
imagine that the helicase activities in this factor might affect
translocation along the template by the RNA polymerase. If
this were true, the presence or absence of ATP in the walking-
forward procedure after Sarkosyl rinsing should have a signif-
icant effect on the footprints. This was not what we observed;
for example, complexes U20 and A23 had identical footprints
(Fig. 7). Thus, neither the exollI footprints nor the functional
properties of the Sarkosyl-rinsed complexes make us suspect
that residual transcription initiation factors were present in
these complexes.

In summary, RNA polymerase II elongation complexes
stalled early in elongation adopt a stable template location far
upstream of the expected position for typical transcriptionally
competent complexes. Since upstream translocation is almost
certainly a requirement for arrest to occur, complexes which
have already taken this step may be more sensitive to other
exogenic factors which themselves are not sufficient to force
normally elongating RNA polymerase into arrest. There are a
number of candidates which might interact with RNA poly-
merase II in the promoter proximal region and modulate ar-
rest. Further structural studies on the transcription complex
will be needed to demonstrate the physiological relevance of
these interactions for arrest.
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