Published online March 26, 2004

1904-1916 Nucleic Acids Research, 2004, Vol. 32, No. 6
DOI: 10.1093/nar/gkh505

Characterization of a novel RNA polymerase Il arrest
site which lacks a weak 3’ RNA-DNA hybrid

Peter J. Hawryluk'2, Andrea Ujvari' and Donal S. Luse'-?*

"Department of Molecular Biology, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, OH 44195,
USA and ®Department of Biochemistry, Case Western Reserve University School of Medicine, Cleveland, OH

44106, USA

Received as resubmission February 12, 2004; Accepted March 4, 2004

ABSTRACT

Transcript elongation by RNA polymerase Il is
blocked at DNA sequences called arrest sites. An
exceptionally weak RNA-DNA hybrid is often
thought to be necessary at the point of arrest. We
have identified an arrest site from the tyrosine
hydroxylase (TH) gene which does not fit this pat-
tern. Transcription of many sequence variants of
this site shows that the RNA-DNA hybrid over the
three bases immediately preceding the major arrest
point may be strong (i.e. C:G) without interfering
with arrest. However, arrest at the TH site requires
the presence of a pyrimidine at the 3’ end and arrest
increases when the 3’-most segment is pyrimidine
rich. We also demonstrated that arrest at the TH site
is completely dependent on the presence of a
purine-rich element immediately upstream of the
RNA-DNA hybrid. Thus, the RNA polymerase II
arrest element from the TH gene has several
unanticipated characteristics: arrest is independent
of a weak RNA-DNA hybrid at the 3’ end of the
transcript, but it requires both a pyrimidine at the
3’ end and a polypurine element upstream of the
RNA-DNA hybrid.

INTRODUCTION

RNA synthesis by RNA polymerase II is highly regulated in
the cell. While it has become clear that transcript elongation is
one of the regulated steps (see 14 for reviews), both the
sequence signals and the tramns-acting factors which control
elongation are not yet well understood. Transcript elongation
by RNA polymerase II in vitro does not proceed uniformly (5).
The average rate of transcript elongation by RNA polymerase
II on naked DNA templates, in the absence of any additional
factors, is ~5 nt/s under optimal conditions (6). However, at
some template positions, the polymerase may pause for as
long as 1 min before continuing transcription (see, for
example, 7). At other locations, called arrest sites, a fraction
of transcribing polymerases are completely blocked and
cannot continue RNA synthesis in a standard experimental

time course. Arrest occurs because the polymerase has
translocated upstream on the template such that the 3" end of
the transcript is displaced from the active site. Thus, arrested
polymerases have not terminated RNA synthesis. The arrested
complex remains stably associated with the DNA, maintaining
an 8-9 bp RNA-DNA hybrid upstream of the transcript 3" end
(8-10). To escape from arrest, the polymerase must either
translocate forward on the template so that the transcript 3" end
is once again aligned with the active site or break the RNA
phosphodiester bond at the active site to generate a new 3’ end
at this position. Both of these events occur for arrested
complexes in vitro, but in the absence of additional factors
they may require up to several hours to do so (11). The
elongation factor SII (TFIIS) greatly increases the rate of
transcript cleavage, allowing the polymerase to elongate
through arrest sites relatively quickly (i.e. in seconds) (12-15).
Thus, sensitivity of an elongation block to SII can be used as
an assay to define arrest.

Many studies of transcriptional arrest by RNA polymerase
II have used an arrest site found in the histone H3.3 gene as a
model (16). This site contains the sequence
TTTTTTTCCCTTTTTT in the non-template strand (see
Fig. 1). We will refer to this as a T-space-T type arrest site.
During transcription through this site, a certain proportion of
polymerases fall into arrest after incorporating the fifth or
sixth U residue (underlined) encoded by the first T run (17).
This proportion can be manipulated in vitro by altering the
temperature, NTP concentrations, reaction time and the
presence or absence of elongation factors like SII (17,18).

There are two major interactions between the nucleic acids
and polymerase that are thought to mediate arrest (reviewed in
2). Both of these interactions have been shown to be important
in arrest at the H3.3 site. The strength of the RNA-DNA
hybrid, especially the last few base pairs at the 3" end of the
transcript, is a critical feature. The U:A base pair is the
weakest of the Watson—Crick base pairs, so a poly(U) segment
in the transcript would produce the least stable RNA-DNA
hybrid (for a detailed discussion of this point, see 19). A stable
interaction in the last base pair is presumably necessary in
order to properly orient the 3” end with the incoming
nucleotide for phosphodiester linkage to the transcript. Thus,
if the hybrid at the 3" end of the transcript is weak, bond
formation may be delayed, allowing the polymerase time to
translocate upstream on the template. If translocation results in
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ACTUAL TH ARREST SITES
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10/11 #2

GGCAATTACCTACAGGAAGGAGGTATA'?‘GTEACGCTGAAGGGCCTCTATG
GAACACAAGTCTCAGGAGAAAGGGATTTTE‘GTGGGTTTTGCTGCCACCTG

CTCAAGCACAGTGTCAGAGAAGAGTCTEETCATGCTCTTCTCCCCTTCTC

Figure 1. Sequences of RNA polymerase II arrest sites. In the first group are listed sequences from the non-template strand of five previously described arrest
sites: histone H3.3 [T-space-T site, from construct 20-30 described in Gu et al. (21)], pML5-4NR (27), c-myc TII (40), AAML (41) and adenosine deaminase
(22,23). The two predicted (T-space-T-like) arrest sequences from the TH gene are shown in the second group and the three actual arrest sites from the TH
gene are given in the third group. Arrest positions are indicated by dots above the last nucleotide to be incorporated into the transcript, except for the case of
adenosine deaminase, where asterisks indicate the approximate positions of arrest. Note that TH site 1 (second group) and 10/11 1 (third group) refer to the

same site.

a much more stable RNA-DNA hybrid and more favorable
interactions between the polymerase and the transcript and
template, there is a low probability that the polymerase will
return to the transcriptionally competent position. In this case,
the polymerase is arrested. Exonuclease III footprints of RNA
polymerase II are shifted upstream for arrested complexes at
the H3.3 arrest site (20,21).

The second region of nucleic acid that has been implicated
in arrest is the DNA immediately downstream of the arrest
position. This DNA interacts with the sliding clamp of the
polymerase. Certain sequences may form a conformation
which is difficult for the sliding clamp to pass over, causing
the polymerase to backtrack along the template and fall into
arrest. Note that arrest at the H3.3 site occurs within the initial
T run on the non-template strand. When the second T run of
the H3.3 site was replaced with other sequences, the frequency
of arrest at this site was found to be reduced (17).

While the model for arrest just outlined clearly agrees with
the data for the histone H3.3 T-space-T site, no other RNA
polymerase II arrest site has been nearly as well characterized
and in fact very few have even been identified (see Fig. 1 for
examples). In the context of the above discussion, the arrest
site in the adenosine deaminase gene is especially interesting
(22,23). The exact position of arrest in this DNA segment,
...CCGTTGCC... was not precisely mapped, but it is clear by
inspection that the site does not contain an extended T run in

the non-template strand. When the more upstream of the two
G residues was changed to T, arrest increased, but when the
more downstream G was changed to T, arrest decreased (22).
Thus, the mechanism of transcriptional arrest remains poorly
understood. In particular, is the arrest model with a weak 3’
hybrid as the central feature generally applicable?

Recent research on the regulation of the tyrosine hydro-
xylase (TH) gene presented us with the opportunity to find and
characterize novel arrest sites. The Czyzyk-Krzeska labora-
tory has shown that the TH gene is regulated at the level of
transcription elongation (24). Specifically, nuclear run-on
assays revealed a block to elongation in the body of the gene.
We were interested in determining whether the elongation
block in the TH gene could be observed in an in vitro
transcription system. We screened a 2500 bp segment over
which a strong drop in signal was observed in the nuclear run-
on experiments. This test yielded three in vitro arrest sites, one
of which was located in approximately the region predicted for
the nuclear transcription block. A detailed characterization of
this site revealed novel properties not anticipated from the
current model of transcriptional arrest. In particular, a weak
RNA-DNA hybrid at the point of arrest is not required to halt
RNA polymerase II at this site. However, arrest at the TH site
requires the presence of both a pyrimidine residue at the 3" end
of the transcript and a polypurine segment upstream of the
RNA-DNA hybrid.
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MATERIALS AND METHODS

Reagents

Ultrapure NTPs and dNTPs were obtained from Amersham
Pharmacia Biotechnology, ApC dinucleotide from Sigma, 3P-
labeled NTPs from Perkin Elmer/New England Nuclear, Taq
DNA polymerase from Fermentas, restriction enzymes from
New England Biolabs, DNA oligonucleotides from Operon or
IDT and streptavidin-coated paramagnetic beads from
Promega Biotech.

Plasmids

All plasmids used in this study contain the adenovirus major
late (AdML) promoter. The series of constructs based on the
pML20-42 plasmid (25) were made either by replacing the
Xhol-HindIII fragment (which begins 45 bp downstream of
+1) with 50 bp of sequence from the TH gene or from other
sources, as indicated, or by site-directed mutagenesis of
existing constructs using the protocol in the QuikChange™
Site-Directed Mutagenesis Kit (Stratagene). Inserted frag-
ments were made by annealing complementary DNA oligos
containing the 50 bp of sequence to be assayed and
overhanging ends appropriate to Xhol and HindIII cleavage,
followed by ligation of these fragments into the pML20-42
plasmid. The pML23-100 series of constructs was made by
replacing the Stul-Xhol fragment (which begins 22 bp
downstream of +1) of pML20-23like3 (26) with 80 bp of the
sequences indicated in the lower panel of Figure 3. Note that
the pML20-42- and pML23-100-based constructs are very
different in the sequences preceding the TH gene inserts.

Generation of templates for in vitro transcription

Transcription reactions used biotinylated PCR-generated
fragments for attached template transcription, as described
below. The upstream primer (relative to the direction of
transcription), 5'-GGCATCAAGGAAGGTGATTG-3, is bio-
tinylated at the 5” end, which is 96 bp upstream of the
transcription start site. The 5" end of the downstream primer,
5’-CGACGGCCAGTGCCAAGC-3, is 114 (for the 20-42
series of constructs) or 171 bp (for the 23-100 series)
downstream of transcription start. The resulting 210 (20-42)
or 267 bp (23-100) biotinylated PCR fragments were purified
using the Concert Rapid PCR Purification System (Marligen
Biosciences).

In vitro transcription of attached templates

An aliquot of 1 pg of biotinylated PCR fragment was
immobilized on 200 pg streptavidin-coated paramagnetic
beads by incubating at room temperature for 10 min in 150 pl
of BC100 buffer (20 mM Tris pH 7.9, 100 mM KCl, 20%
glycerol and 0.2 mM EDTA). The beads were concentrated,
resuspended in a final volume of 50 pl containing 25 pl of
HeLa nuclear extract, 10 mM Tris—HCI pH 7.9, 8 mM MgCl,
and 60 mM KC1 and incubated at 30°C for 30 min. All in vitro
transcription reactions used the same preparation of nuclear
extract. The resulting preinitiation complexes were then
washed three times with 200 pl of BC100MD (BC100 buffer
with 8 mM MgCl, and 1 mM dithiothreitol) and resuspended
in BC100MD. Complexes were incubated with either 100 uM
ATP, 10 uM CTP and 1 uM [a-*2P]UTP (for 20-42 based

constructs) or I mM ApC, 20 uM ATP, 50 uM dATP and 1 uM
[0-32P]GTP (for 23-100 based constructs) at 30°C for 9 min.
An aliquot of 10 uM cold UTP (for 20-42 based constructs) or
GTP (for 23-100 based constructs) was added and the
reactions were incubated for an additional 3 min at 30°C to
ensure that all complexes reached position A23 (for 20-42
based constructs) or G17 (for 23-100 based constructs) (see
Fig. 3 for initially transcribed sequences). Reactions were
washed once at room temperature with 200 pl of 1% sarkosyl
in MEMDM buffer (30 mM Tris pH 7.9, 10 mM
B-glycerophosphate, 62 mM KCI, 0.5 mM EDTA, 1 mM
dithiothreitol and 8 mM MgCl,), twice with 200 pl of
MEMDM and resuspended in MEMDM (48 ul for standard
chase = SII). Fractions of 24 ul of each stalled complex were
incubated with 1 mM NTPs with or without 34 ng/ul SII at
37°C for 5 min, unless indicated otherwise. Chase reactions
were stopped by the addition of EDTA to 50 mM, phenol/
CHCI; extracted and ethanol precipitated. Reactions for size
markers were prepared identically to chase reactions from
template immobilization through washing of the stalled
complex and were resuspended in 200 pul of MEMDM.
Fractions of 48 ul of the stalled complex were used for each
ladder reaction. For the A marker lane, complexes were
preincubated at 37°C for 30 s, followed by the addition of
10 uM ATP and 1 mM CTP, GTP and UTP. Samples of 12 ul
of the reaction were removed after incubating with the NTPs
for 30 s and 1, 2 and 3 min and immediately stopped with
50 mM EDTA. Time points were pooled, phenol/CHCI;
extracted, and ethanol precipitated. Reactions were repeated
with limiting CTP, GTP or UTP (with the limiting base always
at 10 uM). These reactions produce complexes stalled at
positions on the template where the next base to be added is
limiting, thus transcript sizes correspond to complexes stalled
before each addition of the limiting NTP. Precipitated nucleic
acid was resuspended in 50 or 95% formamide + dye mix,
heated at 95°C for 2-5 min to denature the RNA and
electrophoresed on 10 or 15% acrylamide gels containing 7 or
8 M urea. Gels were visualized and individual bands
quantified using a Phosphorlmager system and ImageQuant
software (Amersham/Molecular Dynamics). For the quantifi-
cations in Figure 3, rectangles were drawn around the bands
corresponding to the arrested and run-off products and the
signal within each rectangle corresponding to an arrested
product was divided by the total signal of all the arrested and
run-off products in that lane. Note that this direct comparison
of signal corresponding to each transcript accurately reflects
the amount of each transcript produced because the transcripts
are labeled only in the initial region before sarkosyl rinsing
(i.e. each transcript larger than 23 nt contains the same amount
of 3P, on average, regardless of its length).

RESULTS

We searched for possible RNA polymerase II arrest sites
within TH gene sequences using in vitro transcription. We
constructed a set of template DNAs in which the AdML
promoter and initially transcribed region from the pML20-42
plasmid (25) were fused to one of five 500 bp segments
spanning the central 2.5 kb of the TH gene. These five original
templates were named according to the TH exons which they
contained; thus, the 7/8 arrest site (see below) was found in the



template spanning exons 7 and 8. Preinitiation complexes
were assembled on these templates by incubation in HeLa cell
nuclear extracts. The RNA polymerases were advanced to +23
with a subset of the NTPs, the transcription complexes were
purified by washing with sarkosyl and RNA synthesis was
continued by incubation at 37°C with all NTPs at 1 mM (see
Materials and Methods for details). This procedure revealed
three prominent arrest sites, whose sequences are given in
Figure 1 (primary data not shown). The fraction of the total
RNA polymerase which halted within each of the indicated
sequence elements was at least 7% during our 5 min
incubation period. The addition of SII (TFIIS) to the reaction
eliminated the transcriptional block in all cases (primary data
not shown; arrest levels given in Fig. 3). To determine arrest
locations at single base resolution, as shown in Figure 1, we
constructed and assayed a second round of templates in which
50 bp segments surrounding the three arrest sites were fused to
the AAML promoter beginning at +45.

An initial inspection of the central 2.5 kb of the TH gene
had revealed two sites with closely spaced T runs in the non-
template strand (Fig. 1). One of these predicted arrest sites
(TH site 1, Fig. 1) did function as an arrest site in our test tube
assay (site 1 from the 10/11 template; see Fig. 1). The second
predicted site, TH site 2, did not cause significant levels of
arrest in vitro. In one of the other observed arrest sites,
transcription halted within a T run (site 2 from the 10/11
construct). However, site 10/11 2 does not contain a second T
run in the non-template strand.

The third observed arrest site, from the 7/8 template, has a
very surprising sequence. This site does not contain any
poly(T) segment. RNA polymerase halted at two positions,
with most arrest occurring at the more downstream location
(the C residue marked by the dot in Fig. 1). The RNA in RNA-
DNA hybrid when the polymerase active site is at the major
7/8 arrest position is UAUAUGUC, assuming an 8 bp hybrid.
While four of the eight bases in this sequence are U residues,
the hybrid just upstream of the major arrest position contains
two G:C base pairs out of the final three. If hybrid stability
were the most critical feature of the arrest site, one would have
expected to find the major arrest position at the more upstream
location, where the last 5 bp are locally weakest. It should also
be noted that the position of the 7/8 arrest site within the TH
gene corresponds most closely, among the arrest sites
observed in vitro, to the position of the block to transcript
elongation proposed from the nuclear run-ons assays per-
formed by Kroll et al. (24). Thus, because of its novel
sequence and its potential biological importance, we decided
to focus our efforts on characterization of the 7/8 arrest site.

The 7/8 site behaves as a conventional arrest site in that
arrest is relieved by SII-mediated transcript cleavage (Fig. 2),
accompanied by the release of a large (8-11 nt) 3’ fragment
(data not shown). Note that in all experiments in this study
which use SII, the SII was added along with the NTPs to the
RNA polymerases stalled at +23. The effect on arrest of
reducing elongation rate via NTP limitation is consistent with
the results of similar experiments performed on T-space-T
type arrest sites (17,27). Briefly, the frequency of arrest at the
7/8 site increases as the substrate NTP concentration is
reduced and the exact position at which arrest occurs can be
manipulated by limiting one NTP and keeping the others at
saturating levels (data not shown; see 28). However, from
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inspection of the sequence, arrest at the 7/8 site does not seem
to depend on an exceptionally weak RNA-DNA hybrid at the
point of arrest and thus it is not clear from existing models why
upstream translocation and arrest should take place at this site.

In order to better understand the mechanism of arrest at the
7/8 site, we constructed a series of sequence variants of this
element. We altered the template immediately upstream of the
major arrest position on the 7/8 DNA to assess the role of the
RNA-DNA hybrid in arrest at this site. All of these initial
mutants were made in the context of the 7/8 construct shown
in Figure 2, which consists of 50 bp of TH sequence
surrounding the arrest site fused downstream from the initial
45 bp of our AML promoter construct. Note that on this
template the major and minor arrest positions are at +75 and
+72, respectively (Fig. 2; values for arrest levels given in
Fig. 3). Arrest at both locations is relieved by the addition of
SII to the transcription reaction (compare Fig. 2, lanes 2 and
3). In the T74C mutant, all three of the 3’-most base pairs in
the RNA-DNA hybrid would be G:C base pairs, if arrest
occurred at +75. Since this sequence change strengthens the
RNA-DNA hybrid at the 3" end of the transcript, one would
expect to see a reduced level of arrest at +75 in this case.
However, arrest frequency was higher on the T74C template
(compare Fig. 2, lanes 2 and 4). On the C75T construct, the
base pair at the major arrest position was changed from C:dG
to the weaker U:dA. A higher frequency of arrest was
observed for this mutant than for the 7/8 template, as would be
expected if hybrid weakness at the transcript 3’ end were a
determinant of arrest frequency (Fig. 2, lane 6). The sequence
changes for the T/3/C construct strengthen the upstream
segment of the RNA-DNA hybrid for RNA polymerases
halted at +75, relative to the parental 7/8 template. We found
that arrest on T/3/C was considerably reduced relative to the
original 7/8 construct and the location at which polymerase
halts was also altered (Fig. 2, lane 10).

Upon arrest at the 7/8 site, the active site of the RNA
polymerase retreats primarily to positions 67 and 64 (as
judged by SII cleavage assay; data not shown), where the
RNA-DNA hybrid is relatively G:C rich. The G/3/A construct
was designed to weaken the hybrid at these locations, to test
whether the polymerase could be made to retreat farther
upstream (to a location where the hybrid is stronger, for
example at position 60). It was not expected to alter arrest
frequency at the major arrest position, since when the active
site is at that position, the sequence in the RNA-DNA hybrid
is unchanged. However, the G/3/A template exhibited a
decreased frequency of arrest at position 75 and an increased
level at position 72 (compare Fig. 2, lane 2 with 12). When the
polymerase has just added the nucleotide at position 72, two of
the base changes between the G/3/A and 7/8 constructs are in
the upstream part of the RNA-DNA hybrid. These replace two
G:dC base pairs present in the 7/8 hybrid with weaker A:dT
base pairs. Thus, the increased arrest at position 72 is
consistent with weakness in the RNA-DNA hybrid contrib-
uting to arrest. A simple explanation for the reduced arrest at
position 75 on the G/3/A mutant was not apparent.

Arrest at high NTP concentrations at the histone H3.3 arrest
site and mutants of that site (17,21), at the 7/8 site and its
mutants (this work) and at the pML5-4NR arrest site (27)
always occurs with either a C or a U residue at the transcript 3’
end. In addition, pause, arrest and termination Ssites in
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G/3/A

CCGARTTACCTACAGGAAGA&AATATAE GTEAC GCTGAAGGGCCTCTATG
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Figure 2. Analysis of point mutations at the 7/8 site. The 7/8 and mutant templates were transcribed as described in Materials and Methods, with SII included
in the reactions as indicated. RNA lengths taken from the single NTP limiting marker reactions (generated on the NA2 template) are given on the left and
right, respectively. Sequences listed below are the 50 bp fragments inserted in the pML20-42 plasmid to generate each template (see Materials and Methods).
In this and the following figures, sequences from the TH gene are underlined, distances downstream of +1 are given below the sequences and arrest positions
are indicated by dots above the last nucleotide to be incorporated into the transcript.

mammalian N- and c-myc genes have been precisely mapped
and it was found that at most of these sites, the transcript ends
with a pyrimidine (29). Therefore, we tested the effect of
changing the bases at the two arrest positions in the 7/8
construct from pyrimidines to purines. The changes made in
constructing this template (called NA1; see Fig. 2) resulted in
an increase in the strength of the RNA-DNA hybrid at
position 72 but no change in hybrid strength at the major arrest
position, +75. The NA1 template did not support arrest at
either position 72 or 75 (Fig. 2, lane 14). However, there was
some arrest at position 74, after incorporation of the sole
remaining pyrimidine residue in the vicinity of the original
arrest site. When this position was changed to its correspond-
ing purine in the NA2 construct, the template did not support a
significant level of arrest at any position at 1 mM NTP
concentrations (Fig. 2, lane 16).

Since maximal arrest at the histone H3.3 T-space-T site
requires the sequence downstream of the first T run (17), we

wished to determine the role of the downstream sequence in
arrest at the 7/8 site. Constructs were made (Fig. 4) in which
blocks of sequence were exchanged among the 7/8 site, the
strong arrest site from the histone H3.3 gene and sequence
from the pML20-23 template (21). Earlier work had shown
that complexes stalled at the end of the short T run on pML20-
23 are fully elongation competent and not upstream trans-
located (21). Based on these results, we treated sequences
from pML20-23 as ‘neutral’ sequences that do not contribute
to arrest. The new constructs were designed so that the major
arrest position from the 7/8 template (constructs 7/8, d30 and
d23), the more downstream of the two major arrest positions
from histone H3.3 (constructs TsT and 30d) and the third T of
a T triplet from the 20-23 template (construct 23d) were
aligned at position 75 (see Fig. 4).

For the d30 template, TH sequence downstream of the 7/8
site was replaced with the downstream sequence from the
histone H3.3 site. Arrest occurred more frequently on this
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20-42 CONSTRUCTS
22;22 1 ACTCTCTTCCCCTTCTCTTTAAAGGCCTTTGGGAAACCCTCGAG 44
TEMPLATE (45 SEQUENCE 94 =
| | |POSITION %
7/8 CCGAATTACCTACAGGAAGGAGGTATATCTCACGCTGAAGGGCCTCTATG :; 3'2
10/11#1 |ACAAGTCTCAGGAGAAAGGGATTTTIGTGGETTTTGCTGCCACCTGCTGE |70 6.7
LR ] - ?5 9'6
10/11#2 |CICAAGCACAGTGTCAGAGAAGAGTCTTTTEATGCTCTTCTCCCCTTCTC| Ee
T74C CCGAATTACCTACAGGAAGGAGGTATATCCCACGCTGAAGGGCCTCTATE :g l;'g
C75T CCGAATTACCTACAGGAAGGAGGTATATGTTACCCTCAAGGECCTCTATE 3: 12'2
T/3/C CCGAATTACCTACAGGAAGGAGCCACACCTCACGCTGAAGGGCCTCTATG :? g'g
siE 72 7.5
G/3/A  |CCGAATTACCTACAGGAAGAAAATATATGTCACGCTGAAGGGCCTCTATG| o L
NA1 CCGAATTACCTACAGGAAGGAGGTATAAGTGACGCTGAAGGGCCTCTATG| 74 5.3
NA2 CCGAATTACCTACAGGAAGGAGGTATAAGAGACGCTGAAGGGCCTCTATG| NO ARREST
d30 CCGAATTACCTACAGGAAGGAGGTATATGTCACCCTTTTTTCCAGAGGCS ;g l:'?
s . 72 5.1
d23 CCGAATTACCTACAGGAAGGAGGTATATGTEACGAAACCCTCGAGGTETC] o
TsT AGGAAGAACGCAGGAAAAGAGAGGCCTTTTT T TCCCTTTTTTGGAGAGGCE ;3 3'2
- 74 12.1
30d AGGAAGAAGCAGGAAAAGAGAGGCCTTTTITTCGCTGAAGGGCCTCTATG) =i
23d CCGCGGCAGGAAGAGGAAGAAGCAGECCTTTGCECTGAAGGGCCTCTATG| NO ARREST
23-100 CONSTRUCTS
23-100
e 1 ACAGGAAGAGGAAGAAGCAGGCCTTTAAATTGATGAGAATATGGGAAAGGATGT 54
55 104 ARREST
TEMPLETR | SR QUENCE | |POSITION %
. = 85 9.6
7/8% GGCAATTACCTACAGGAAGGAGGTATATGTCACGCTGAAGGGCCTCTATG | oo e
- - - 85 g-a
TH3 GGTTTGTAGTTAGTGAGGGAGGATATATGTCACGCTGAAGGGCCTCTATG | o 5
T B5 15.7
TH4 GGTTTGTAGTTAGTGAGGEGAGGTATATCTCACGCTGARGGGCCTCTATG | o o
THS GGTTTGTACCTACAGGAAGGAGGTATATGTCACGCTGAAGGGCCTCTATE gg g';
NAZ* GGCAATTACCTACAGGAAGGAGGTATAAGAGACGCTGAAGGGCCTCTATG | NO ARREST
. o 85 8.1
THS GGCAATTACCTACAGGAAGGAGGTATATGTCACGTGGTAGAAGGAGGCCC | o 2
.. 85 8.8
THO GGTTTGTACCTACAGGAAGGAGGTATATGTCACGTGGTAGAAGGAGGCCC | o i
TH10 GGTTTGTAGTTAGTGAGGGGAGGTATATGTCACGTGGTAGAAGGAGECCT gg li':
se o 83 8.2
TH11 GETTTGTAGTTAGTGAGGGAGCATATATGTEACGTGGTAGAAGGAGGCCE | oo i

Figure 3. Sequences of constructs tested and quantification of transcriptional arrest. Initially transcribed sequences (ITS) from +1 to the start of the 50 bp TH
inserted fragments are shown at the top of the lists of pML20-42- and pML23-100-based constructs. Sequences from the TH gene are underlined and positions
where arrest occurred are marked by dots. The major arrest positions are listed on the right for each template, followed by the fraction of complexes that ar-
rested at each position. The percentage arrest was calculated as described in Materials and Methods and for most templates is the average of several reactions.
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Figure 4. The effect of downstream sequence on arrest at the 7/8 site. Templates were transcribed and size markers were generated from the NA2 template as
described in Materials and Methods. In the lower part of the figure, sequences from the TH gene are underlined, distances downstream of +1 are given below
the sequences and arrest positions are indicated by dots above the last nucleotide to be incorporated into the transcript. In the TsT template (containing the
arrest site of the H3.3 gene), a 1 bp deletion occurred during cloning in the sequence upstream of the 50 bp inserted fragment, so transcripts of this template
are 1 nt shorter than the numbers listed below the sequences (e.g. the sizes of the two major arrested transcripts are 73 and 74 nt).

template than on the 7/8 template (Fig. 4, compare lane 2 with
4; see arrest levels in Fig. 3), indicating that the downstream
H3.3 sequence contributes more highly to arrest than the
downstream 7/8 sequence. When the 7/8 downstream
sequence was replaced with sequence from 20-23 (construct
d23), the frequency of arrest was only slightly reduced
(compare Fig. 4, lane 2 with 6). Therefore, the downstream 7/8
sequence probably does not contribute highly to arrest at this
site.

In our hands the native histone H3.3 element (TsT in Fig. 4)
supported arrest at the same locations reported in earlier
studies of this sequence (17). If the downstream sequence
from the histone H3.3 site is a higher contributor to arrest than
the downstream 7/8 sequence, replacing the sequence down-
stream of the H3.3 arrest site with downstream 7/8 sequence
(the 30d template) should yield a reduced level of arrest.
However, overall frequency of arrest was roughly the same for
the TsT and 30d templates (compare Fig. 4, lane 10 with 12). It
is interesting to note that while changing the sequence
downstream of the arrest position on the 7/8 site did not

change the positions of arrest (compare lane 2 with lanes 4 and
6), changing the downstream sequence of the histone H3.3 site
did alter the positions of arrest in its T run (compare lane 10
with 12).

The last block mutant, the 23d template, replaced sequence
downstream of the T triplet in the pML20-23 template with
sequence downstream of the 7/8 site. We constructed this
template to ask whether the downstream 7/8 sequence could
act independently to cause arrest in otherwise neutral sequence
from pML20-23. No complexes fell into arrest when tran-
scribing this template (Fig. 4, lane 14). Furthermore, when
transcription complexes were walked to the end of the T triplet
at position 75 on this template and stalled there, they chased
completely upon addition of NTPs to the reaction mixture
(data not shown).

For the histone H3.3 arrest site, the role of sequence
upstream of the first T run is not entirely clear. It was
originally reported that sequences in this region do modulate
arrest (17), however, one particular swap of upstream
segments did not alter arrest levels at the H3.3 site (21). If
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Figure 5. Arrest can be induced on templates which otherwise fail to support arrest by disrupting the formation of upstream secondary structure. Templates
were transcribed and size markers were generated (from the NA2 template) as described in Materials and Methods. Sequences from transcription start through
the 50 bp of inserted sequence are listed in the lower part of the figure for each template. The sequence of the TH2ACdis oligo is shown above the region of
the THIAC and TH2AC sequences to which it anneals. This oligo was added at the indicated concentrations in lanes 4-7 and 14-17. Asterisks mark the
bases that have been changed between the THIAC/TH2AC and TH18/TH14 initially transcribed sequences. Large dots above the sequences indicate the

positions where arrest occurred.

upstream sequences do not play a major role in arrest at the 7/8
site then the functional arrest cassette for this site might be
very short, given the relatively minor contribution of down-
stream elements (Fig. 4). In order to determine the minimum
sequence that supports arrest, three new templates were
constructed, THIAC, TH2AC and TH7 (the THI1AC and
TH2AC sequences are shown in Fig. 5). On these templates,
increasing amounts of sequence upstream of the 7/8 arrest site
were replaced by presumably neutral sequence from pML20-
23. All of these templates retained pML20-23 sequence
downstream of the arrest site. When we tested these constructs
we found that the TH7 template, which retained all but 5 bp of
the upstream TH sequence, supported arrest at the same
locations and to the same extent as the 7/8 template (data not
shown here; see 28). However, no arrest was observed with
either TH1AC or TH2AC (Fig. 5). We were initially surprised
by these results, but we subsequently realized that the design
of THIAC and TH2AC did not take into account the potential

for the G-rich pML20-23 RNA sequences to base pair with the
C-rich RNA from the initially transcribed region (see Fig. 5).
We searched for possible secondary structures in the tran-
scripts of these templates using the mfold program (30,31) We
found that the RNAs from the TH1AC and TH2AC templates,
which did not support arrest, were predicted to fold into stable
hairpins that paired the initially transcribed region with the
transcript segment upstream of the TH arrest site (28). This
double-stranded RNA segment was expected to extend to a
point 17-20 bases upstream of the major TH arrest position.
Based on the results of Reeder and Hawley (8), such secondary
structure should block upstream translocation and prevent
arrest. The transcript of the TH7 template, which did support
arrest, was not predicted to form an analogous secondary
structure.

If our explanation is correct, blocking the formation of
secondary structure should restore arrest with the THIAC and
TH2AC constructs. We took two approaches to this problem.
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Figure 6. A 10 bp cassette of TH sequence from the 7/8 site is sufficient to cause arrest in one flanking sequence context. Templates were transcribed and
size markers were generated (from the 7/8* template for the gel on the left and the NA2* template for the gel on the right) as described in Materials and
Methods. In the lower part of the figure, sequences from the TH gene are underlined, distances downstream of +1 are given below the sequences and arrest
positions are indicated by dots above the last nucleotide to be incorporated into the transcript.

First, we challenged transcription reactions on TH1AC and
TH2AC with a 20 base oligonucleotide (TH2ACdis oligo; see
Fig. 5) which should pair with bases 5-24 of the THIAC and
TH2AC transcripts and thus prevent these regions from base
pairing with RNA immediately upstream of the arrest site. As
can be seen in Figure 5, lanes 4-6 and 14-16, addition of the
TH2ACdis oligo did restore arrest on THIAC and TH2AC, in
a dose-dependent fashion. We also altered the initially
transcribed regions of the two templates, to create THI18
(derived from TH1AC) and TH14 (derived from TH2AC). In
each case, the C residues between positions +4 and +18 were
substituted with other bases, thus eliminating the predicted
secondary structure upstream of the arrest site (see Fig. 5). As
expected, these changes also restored arrest (Fig. 5, lanes 8
and 18). We concluded that the lack of arrest on the TH1IAC

and TH2AC templates resulted from secondary structure in the
RNA which blocked upstream translocation at the arrest site.

In order to examine the effects of the immediately upstream
flanking sequence on arrest at the 7/8 site in the absence of
transcript secondary structure, a different series of templates
was constructed (Fig. 6). Templates in this second series
(based on the pML23-100 construct; see Materials and
Methods) retain the same AdML promoter upstream of +1.
However, their initially transcribed regions are purine-rich,
not pyrimidine-rich, and downstream of +23 they feature a C-
free cassette extending from position 23 up to the first C in the
sequence cassette from the 7/8 site (see Fig. 3). Therefore,
since the transcript cannot form intramolecular G:C base pairs
when the polymerase has begun transcribing TH sequence,
one would not expect any stable transcript secondary structure
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Figure 7. Arrest at the 7/8 site depends on the presence of an upstream polypurine element. Templates were transcribed and size markers were generated
(from the 7/8* template) as described in Materials and Methods. In the lower part of the figure, sequences from the TH gene are underlined, distances
downstream of +1 are given below the sequences and arrest positions are indicated by dots above the last nucleotide to be incorporated into the transcript.
The upstream polypurine element is indicated by the shaded box for the 7/8* and TH11 constructs.

at this point, a prediction which was supported by analysis
with the mfold program (30,31).

The 7/8* template is the pML23-100-based homolog to the
7/8 template discussed earlier. The 7/8* DNA also contains
50 bp of sequence from the 7/8 site. Levels of arrest on the
7/8* template were comparable to those on the 7/8 template
(see Fig. 3) but one of the arrest positions was different. On the
7/8 template, arrest occurred primarily after incorporating the
C at position 75 and, to a lesser extent, after the U at position
72 (Fig. 2). There are a further 10 bp of non-TH sequence
upstream of each TH sequence cassette in the 23-100 series of
constructs in comparison with the 20-42 series, placing the
major arrest position on the 7/8*% template at +85. Arrest
frequency at this position is the same for both the 7/8 and 7/8*
templates, but on the 7/8* template there is no significant
arrest at position 82 and arrest occurred after incorporating the
C at position 87 (Fig. 6).

The TH3, TH4 and THS templates, which are also 23-100
based, contain different amounts of TH sequence upstream of
the arrest positions and the same 19 nt of downstream TH
sequence as present in the 7/8 and 7/8* templates (Fig. 6). The
THS, TH9, TH10 and THI1 templates contain the same

amount of TH upstream sequence present in 7/8%, TH3, TH4
and THS, respectively. In these constructs, however, the
downstream TH sequence is replaced with additional
sequence from the parental pML23-100 plasmid (Fig. 6). All
of the pML23-100 based constructs supported arrest at
roughly similar levels to the parental 7/8* construct (Fig. 6).
This was true even for TH11, which retains only 10 bp of TH
sequence. All of the constructs supported arrest at position 85,
and those that contained the C-free cassette up to position —13
relative to the major arrest position (templates TH3, TH4,
TH10 and TH11) also produced arrest at position 82 (Fig. 6,
lanes 5, 7, 24 and 26). For the NA2* template the three
pyrimidine bases at and near the major and minor arrest
positions were changed to purines. These changes eliminated
arrest (Fig. 6, lane 16), as observed for the analogous NA2
template (see Fig. 2).

It seemed reasonable to conclude that the 10 bp of TH gene
sequence in the THI1 construct represents a minimal RNA
polymerase II arrest cassette, since this segment could produce
arrest in both its original sequence context and in the
completely different pML23-100 background. However, the
THI11 and 7/8* templates do have one feature in common in
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addition to the 10 bp of original TH gene sequence.
Immediately upstream of the 10 bp TH cassette, both
templates have a polypurine segment of 9 (THI11) or 10
(7/8*) bases on the non-template strand (see Fig. 6). The
potential importance of this sequence was suggested by
the presence of a similar element immediately upstream of the
arrest sites on the histone H3.3, AdML and adenosine
deaminase genes, as well as in both of the other arrest sites
which we observed within TH gene sequences (see Fig. 1). In
order to test the potential importance of the polypurine
elements, we created two new templates, 7/8*-UMI1 (from
7/8%) and TH11-UMI (from TH11) (see Fig. 7). The changes
were made in the 9 bp segment immediately upstream of the
10 bp cassette of TH sequence common between TH11 and
7/8* (shaded boxes, Fig. 7). We reasoned that our modifica-
tions should preserve the original strength of the RNA-DNA
hybrid, so all G residues on the non-template strand were
changed to C but the A residues were left unaltered. The
results of transcription of these templates were dramatic:
neither 7/8*-UMI1 nor TH11-UMI supported significant levels
of arrest (Fig. 7, compare lane 2 with 4 and lane 8 with 10).
Thus, the minimal arrest cassette from the TH7/8 gene
segment is the 10 bp sequence TATATGTCA plus an
upstream polypurine element.

DISCUSSION

At every RNA polymerase II arrest site which has been
examined in sufficient detail, arrest has been found to be
accompanied by an upstream translocation of the polymerase
on the template which cannot be reversed in a short time
period. The pathway to backtracking appears to pass through a
paused, transcriptionally inactive intermediate state (7,32—-34).
The molecular basis for backtracking is not clear, but it is
correlated either with mispairing (35,36) or very weak pairing
of the 3’ end of the transcript and the template. Existing
theories of arrest require that the RNA-DNA hybrid at the
point of arrest be very weak to initiate upstream translocation
(reviewed in 2). The results we report for the 7/8 site do not
seem to agree with this model, since a weak hybrid at the 3’
end of the transcript is not needed to provoke arrest at this site.
It is therefore important to consider how our findings may be
accommodated within current theories on transcriptional
processivity and arrest.

Some aspects of arrest at the 7/8 site are comparable to
those seen at canonical T-space-T sites. Upstream trans-
location over a relatively long distance (8-11 nt for the 7/8
site) and the relief of arrest by SII-mediated cleavage are both
observed at the 7/8 site. However, arrest at the 7/8 site is
clearly independent of a weak hybrid at the 3’ end of the
transcript (note in particular the T74C construct, Fig. 2).
Weakness in the upstream part of the RNA-DNA hybrid may
be important (see Fig. 2, construct T/3/C), but other
interpretations of the effect of the mutations in T/3/C are
also possible, as will be discussed below.

Any model of arrest should account for the two general
features of arrested polymerases: they have translocated
relatively far (i.e. at least 5-6 nt) upstream of the arrest
position and they have a very low probability of returning to
the transcriptionally competent position over a time course of
many minutes. This suggests that there are two functionally

distinct parts to an arrest site: an element which causes the
initial pausing and backtracking and a second element which
serves to prevent the polymerase from returning to the
transcriptionally competent template location. One might
ask why it is necessary to postulate a second element. Why
would a strong signal to backtrack be insufficient to drive
arrest? Our laboratory has documented a number of examples
of paused RNA polymerase II complexes which are partially
or completely backtracked and yet are fully elongation
competent when chased (21,26). Thus, there is evidence that
sequence elements capable of effectively driving upstream
translocation of paused complexes can nevertheless fail to
function as arrest sites. These observations support a two-part
model for arrest, in which backtracking is a necessary but not
sufficient initial event.

How do sequence elements provoke pausing and back-
tracking by RNA polymerase I1? At T-space-T arrest sites, the
long T run almost certainly serves to initiate backtracking
because it encodes the weakest possible RNA-DNA hybrid.
At the 7/8 site, the initial cause for upstream translocation is
not clear. The particular configuration of the 3’ end of the
RNA-DNA hybrid at this template position must be in some
way unfavorable, slowing the formation of the next bond and
allowing the polymerase time to translocate upstream. This
hypothetical structure at the 3” end does not require low hybrid
strength at the arrest position but appears to be linked to the
nature of the nucleotide incorporated at the 3” end. Eliminating
all non-template strand pyrimidine residues around the major
7/8 arrest position also eliminated arrest (Fig. 2, NA2
construct; Fig. 6, NA2* construct). This is consistent with
earlier data indicating that RNA polymerase II generally
pauses with a pyrimidine at the 3" end (29). Our results also
indicate that polypurine segments near the transcript 3’ end
facilitate elongation, perhaps because they bind particularly
well to the polymerase near the active center.

The T/3/C mutation, in which the transcript sequence from
4 to 8 bases upstream of the major arrest position was changed
from UAUAU to CACAC, considerably reduced but did not
eliminate arrest (Fig. 2). The simplest interpretation of this
finding is that a weak upstream hybrid in the presence of an
unfavorable 3’ end configuration makes upstream trans-
location much more likely. However, it is also possible that
the signal for pausing and backtracking could be provided by
the entire RNA-DNA hybrid or it could encompass the
upstream region as well. In this context it is useful to mention
the class II termination site for T7 RNA polymerase. The T7
polymerase terminates transcription 7-8 bp downstream of the
sequence element (T/C)ATCTGTT in the non-template strand
(37). Very recent results from Sousa and colleagues (38)
suggest that T7 RNA polymerase changes configuration as it
crosses the class II element, thereby opening up the DNA-
binding clamp and poising the polymerase for termination.
These observations could be germane to our results in two
ways. First, they indicate that the transcriptional state of a
RNA polymerase at a particular template location can be
changed in response to a DNA sequence well upstream of the
RNA-DNA hybrid. This is consistent with the importance of
upstream sequences in arrest at the 7/8 site. Second, it is
striking that the T7 class II termination site is only slightly
different from the central segment of the arrest element in the
7/8 construct (TATATGTC; also, recall from Fig. 2 that the



C75T variant, TATATGTT, shows enhanced arrest). One
must clearly be cautious in comparing the T7 and RNA
polymerase II systems. The T7 class I site signals termination
well downstream of itself and thus probably functions as
double-stranded DNA, whereas the corresponding element in
RNA polymerase II 7/8 arrest site signals arrest as soon as it is
completely transcribed and thus is presumably working, at
least initially, as an RNA-DNA hybrid. However, both the T7
and RNA polymerase II results would be consistent with the
idea that the interaction of unusual nucleic acid structures with
the RNA polymerase can misalign functional components of
the enzyme and thus compromise processivity.

Once backtracking has taken place, arrest will occur only if
the polymerase remains in the upstream position for an
extended period. One could imagine that an element that
ensures upstream trapping might not be necessary at T-space-
T arrest sites. As a polymerase which has translocated
upstream from such a site begins to slide back downstream,
the RNA-DNA hybrid becomes progressively weaker. This
would increasingly favor a retreat towards upstream locations,
rather than the continued downstream translocation needed to
reunite the active site and the transcript 3" end. However, if
this model is correct it then becomes difficult to explain why
all long T-runs are not arrest sites and why arrest takes place
only in the first of the two T runs at T-space-T sites. As noted
above, examination of the limited available data suggests
another possibility. A relatively long (from 6 to 13 base)
uninterrupted polypurine segment (non-template strand) lies
immediately upstream of the arrest sites on the histone H3.3,
AdML and adenosine deaminase genes (Fig. 1). Furthermore,
both of the actual arrest sites from the TH10/11 segment have
a long polypurine segment just upstream of the arrest positions
(9 and 12 bases, respectively), but TH site 2, which did not
support detectable arrest, lacks such an element (again, see
Fig. 1).

As shown in Figure 7, a polypurine segment seems to be a
necessary part of the arrest function at the 7/8 site. The 10 bp
of native TH sequence in TH11 can cause arrest in two
completely different sequence contexts (7/8* and TH11; see
Fig. 6). Note that only 3 of the 9 bases upstream of the 10 bp
TH sequence in TH11 are the same between the 7/8* and
THI11 constructs, but all 9 of these bases are purines on both
templates (see shaded sequence in Fig. 7). The functional
significance of this similarity was demonstrated by the
complete elimination of arrest on the 7/8%-UMI and TH11-
UMI templates, which lack the polypurine segments but are
otherwise identical to the parental templates. Very recently,
we have assembled three new templates in which we have
substituted the sequence AGGAAAGAGG, AAGGGGAGGA
or GAAAGAGGGG for the original 7/8 polypurine element.
We found that all of these new templates support arrest
(L.Steele and D.Luse, unpublished results), further emphasiz-
ing the importance of this upstream element.

Given that the polypurine element is a functional part of the
7/8 arrest site, what is its specific role in the arrest process? As
noted above, it could be part of the initial pausing/upstream
translocation step. Since it is located in the template segment
within which the polymerase active site resides after back-
tracking, it is attractive to suggest that the polypurine element
is also involved in retaining the polymerase in the upstream
location (although such a role does not exclude participation
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earlier in the arrest process as well). In particular, it is
tempting to speculate that the role of the polypurine tract
correlates with the resistance to arrest of transcription
complexes with purine residues at the 3" end of the RNA. If
polypurine sequences in the transcript bind especially well
with the active center of the polymerase during normal
transcript elongation, thereby facilitating continued transcrip-
tion, perhaps these sequences also interact unusually well with
the same polymerase segment after upstream translocation,
thereby making a return to the transcriptionally competent
downstream location much less likely. Thus, the apparent
contribution of purines to processivity at the 3" end of the RNA
could also contribute to their role as upstream components of
arrest sites.

The central importance of an upstream polypurine element
in the 7/8 arrest site provides a significant and novel addition
to our understanding of the mechanism of transcriptional
processivity and arrest for RNA polymerase II. However, it
should be emphasized that this polypurine element has not
been fully characterized. We chose to make changes over the
entire 9 base polypurine region common to 7/8* and TH11 in
creating the UMI1 templates, but it is possible that the
functional polypurine element is shorter; for example, note
that the region upstream of the arrest site in the adenosine
deaminase gene has only six consecutive purine residues
(Fig. 1). Also, while the potential role in arrest of an upstream
polypurine element was suggested by comparison of the
sequence of the 7/8 site with other arrest sites, the effect on
arrest of eliminating the polypurine sequences at these other
sites has not been systematically tested. Finally, it is clear that
some RNA polymerase II arrest sites simply lack any obvious
upstream polypurine element (see, for example, the pMLS5-
4NR site in Fig. 1). Thus, there must also be other, unrelated
sequence motifs which can serve the upstream element
function.

As a final comment, we note that while it is important to
refine rules for the sequence of arrest elements and to attempt
to fit these data into mechanistic models, it is necessary to
remember that the processes in question are extremely
complex. The inability to comprehensively predict the pres-
ence of RNA polymerase II arrest sites or to explain behavior
at known sites with simple models is a reminder that multiple
pathways to arrest may exist. A useful analogy may be made
with termination by bacterial RNA polymerase, where it has
proven very difficult to develop rules which explain all
examples of factor-independent termination (see, for example,
39).

In summary, while all RNA polymerase II arrest events
appear to require backtracking as a central mechanistic
feature, there is clearly a diversity of sequences which can
function as arrest sites. Further investigation will be needed to
provide a more complete picture of the molecular mechanisms
involved in transcriptional arrest and in the maintenance of
transcriptional competence by RNA polymerase II. This effort
would be aided by the establishment of a more complete
collection of RNA polymerase II arrest sites.
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