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ABSTRACT. It has previously been shown that T7 RNA polymerase is capable of bypassing gaps on the
template strand ranging in size from 1 to 24 nucleotides. This as well as other observations suggested a
role for the nontemplate strand during elongation. To establish the generality of this gap bypassing event,
we have extended these studies to SP6 Escherichia coliRNA polymerases. SP6 RNA polymerase
bypasses template gaps from 1 to 19 nucleotides in size with various degrees of efficiency and produces
runoff transcripts of decreasing length corresponding to increasing gap size. RNA sequence analysis of
the resulting runoff transcripts revealed that SP6 RNA polymerase faithfully transcribed both parts of the
template strand flanking the gapped region. Similar experiments were carried ouEwaithli RNA
polymerase (a multiple subunit enzyme) and indicate that it is also capable of gap bypass albeit with
reduced efficiency compared to T7 and SP6 RNA polymerases. It appears that the ability to bypass gaps
present on the DNA template strand is a general property of prokaryotic RNA polymerases. These results
have implications with respect to the mechanism of elongation and the role of the nontemplate strand in
transcription.

To carry out DNA template-dependent transcription, RNA template strand. It was also shown that the downstream
polymerase has to go through four major phases: promoterportion of the broken template can be threaded into T7 RNA
binding and activation, promoter clearance and RNA chain polymerase during the bypass of gaps via a “gap closing”
initiation, chain elongation, and chain termination (Cham- event (Zhou et al., 1995). In addition, it was shown that
berlin, 1995). During elongation, RNA polymerase unwinds the nontemplate strand is required for the ternary complex
duplex DNA so that the template strand is available for RNA to resume transcription elongation from a stalled state. These
polymerase to carry out RNA synthesis via complementary findings suggest that T7 RNA polymerase interacts with the

base pairing with the template strand. A melted duplex DNA nontemplate strand to mediate efficient elongation.
region plus a nascent RNADNA hybrid duplex forms the

transcription bubble, in which the function of the nontemplate WE'; wished (th determine whethelr the ab|||tyf to hbypass
strand is not well understood (Yager et al., 1987). Recently, template strand gaps was a general property of other RNA

a role for the nontemplate strand during transcription POlymerases during elongation. SP6 RNA polymerase is a
elongation was suggested for bacteriophdgéRing & single polypeptide enzyme of approximately 100 kDa and
Roberts, 1994). A sequence specific structure in the non-iS Similar in many respects to T7 RNA polymerase (Kas-
template strand caused tscherichia COIRNA polymerase ~ Savetis et al., 1981). For the present study, SP6 RNA
elongation complex to pause at positich$6 and+17 on polymerase templates were constructed containing a range
the late gene operon. Point mutations at positier&and of small to large gaps from 1 to 19 nucleotides in length.
+6 on the nontemplate strand within the transcription bubble This collection of templates was utilized under conditions
abolished the pausing boith zitro andin zivo. In addition, in which only a single round of elongation was allowed to
these mutations on the nontemplate strand also abolished th@ccur, and the efficiency of gap bypass could be determined
ability of the late gene regulatory antiterminator Q protein directly as well as the sequence of the resulting runoff
to modify RNA polymerase. These experiments suggest thattranscripts.

specific nontemplate strardRNA polymerase interactions E. coli RNA polymerase is a multiple subunit RNA

may have a regulatory role in the elongation process. polymerase. Unlike simple phage RNA polymeragesoll

Recent studies from our group (Zhou & Doetsch, 1994, RNA S .
polymerase transcription is carried out through the
Zhou et al, 1995) have shown that T7 RNA polymerase coordination of they initiation factor and the core enzyme

transcribes through gaps from 1 to 24 nucleotides in length {Chamberlin, 1982).E. coli RNA polymerase shares se-

when present on the template strand and generates runofquence homology with eukaryotic RNA polymerase Il core
transcripts containing a correctly templated sequence but .
P g y P d enzyme (Allison et al., 1985; Sweetser et al., 1987). In

deleted for the gapped region (missing sequence) on the™ “7° NP
gapp 9 ( g seq ) addition, both of these RNA polymerases share similarities
t This work is supported by Research Grant CA 55896 from the With respect to processes of promoter recognition, transcrip-
National Cancer Institute. tion initiation, and transcription elongation (Eick et al., 1994).
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are capable of bypassing gaps on the template strand withthen cooled to room temperature for 4 h. Ligation was

various degrees of efficiency. Runoff transcripts generated

carried out with 3 units of T4 DNA ligase at 1°& for 18

from gap bypass are also internally deleted for the gappedh. After phenot-chloroform extraction, EC-GAPO was
region. These findings suggest that the ability to bypass gapspurified from a 20% nondenaturing polyacrylamide gel. EC-

on the template strand is a general property of prokaryotic

GAP1 was constructed using a similar approach with

RNA polymerases and underscores the importance of theoligonucleotides 68mer-NT, 53mer;-énd labeled 37mer,

nontemplate strand in the elongation process.

MATERIALS AND METHODS

Materials. Dihydrouridine was purchased from Sigma.
The dihydrouridine dimethoxytrityl-blocked phosphoramidite
building block was synthesized by Glenn Research (Sterling,
VA). Oligonucleotides were synthesized by the Emory
University Microchemical Facility or GIBCO and purified
by polyacrylamide gel electrophoresis (Maniatis et al., 1982).

The sequence of each oligonucleotide was verified by base-

specific chemical DNA sequencing (Maxam & Gilbert,

1980). E. coliand SP6 RNA polymerases were purchased
from Boehringer Mannheim and Stratagene, respectively.
Heparin and ribonuclease inhibitor were purchased from
Sigma. T4 polynucleotide kinase was purchased from New
England Biolabs. T4 DNA ligase was from Promega. Calf

intestinal phosphatase was from Boehringer Mannheim. The
RNA Sequencing Kit (nuclease method) and the Sequenasé?

Version 2.0 DNA Sequencing Kit were from United States
Biochemicals. ¢-*P]JCTP (sp act. 3000 Ci/mmol)y{32P]-
ATP (3000 Ci/mmol), andd-3*S]dATP (45 Ci/mmol) were
from Amersham. HPLE -purified nucleoside triphosphates
were purchased from Pharmacia. First Strand cDNA Syn-
thesis Kit was from Novagen.

Construction of DNA Templateslo construct the control
(unbroken) DNA templates SP6-GAPO and SP6-GAPO-
DHU, oligonucleotides 56mer and 56mer-DHU (Figure 1)
were 3-end labeled as previously described (Liu et al., 1995).
5-End labeled oligo 56mer (10&M) or 56mer-DHU
(containing dihydrouracil at nucleotide position 19 from the
5'-end) was mixed with oligo 56mer-NT (10@M) in 10
mM MgCI, (Figure 1). The mixtures were heated to 10
for 10 min and slowly cooled to room temperature (4 h),

and the annealed DNA templates were isolated as previouslys,

described (Zhou & Doetsch, 1994). To construct the one
nucleotide gap-containing template (SP6-GAP1), 3000 pmol
of oligo 18mer (5CACCCGTCTCCAACTCCA-3 was 3-

end labeled with T4 polynucleotide kinase and*fP]ATP
(12). 5-End labeled 18mer (30@0M) was added to 56mer-
NT (100 uM) and 37mer (30QuM) (5'-CCCAACCAAC-
CGTGTATTCTATAGTGTCACCTAAATC-3) in 10 mM

MgCl, and annealed under the conditions described above,
and the DNA template SP6-GAP1 was isolated as previously

described (Zhou & Doetsch, 1994). DNA templates SP6-
GAP2 through SP6-GAP19 (Figure 1A) were constructed
utilizing a similar approach. To construct templates EC-
GAPQO, oligos 69mer-NT, 46mer, and 53mer (Figure 1B)
were B-phosphorylated by T4 polynucleotide kinase in 25
uL of kinase buffer containing 4.8 mM ATP at 3T for 18
h. Equal amounts (4000 pmol) of phosphorylated 69mer-
NT, 46mer, and 53mer plus 68mer-NT and®3-labeled
38mer were annealed by heating at @ for 10 min and

1 Abbreviations: DHU, 5,6-dihydrouracil; HPLC, high-performance
liquid chromatography; ST, stalled transcripts; STT, short terminated
transcripts; RO, runoff transcripts; NT, nontemplate strand; MMLV,
Moloney murine leukemia virus.

5'-phosphorylated 69mer-NT, and-phosphorylated 46mer
(Figure 1B).

Single Round Transcription and Multiple Round Tran-
scription Experiments.Single round transcription experi-
ments were carried out by preincubation of 2 pmol of DNA
template with 10 mM DTT, 3 mM MgG| 5 mM NacCl, 20
mM Tris-HCI, pH 7.9, 0.5 mM of ATP, GTP, and UTP, 3
units of ribonuclease inhibitor, and 20 units (1.2 pmol) of
SP6 or 1 unit (8 pmol) oE. coli RNA polymerase for 8
min at room temperature. After that, heparin (280mL),
CTP (10uM), and 20uCi of [a-32P]CTP (3000 Ci/mmol)
were added to the preincubation mixture. Two-microliter
aliquots were removed at various times following the start
of elongation, and reactions were terminated by addition of
stop-loading buffer (9.8 M urea, 50 mM EDTA, 0.1% xylene
cyanol) at different time points. TH&P-labeled transcripts
were analyzed on denaturing 15% polyacrylamide 7 M urea
els and subjected to autoradiography and phosphorimager
analysis (Molecular Dynamics Model 445 Sl).

Multiple round transcription experiments were carried out
as previously described (Liv et al., 1995) with 1 pmol of
DNA template in 10 mM DTT, 40 mM Tris-HCI, pH 7.9, 6
mM MgCl;, 10 mM NacCl, 0.5 mM ATP, 0.5 mM GTP, 0.5
mM UTP, 10uM CTP, 10xCi of [a-3?P]CTP, 3 units of
ribonuclease inhibitor, and 20 units (1.2 pmol) of SP6 RNA
polymerase. RNA size marker ladders were generated by
alkaline hydrolysis of3?P-labeled full length transcripts
(multiple round) as previously described (Liu et al., 1995).

RNA SequencingSP6 RNA polymerase-generated tran-
scripts for sequence analysis were produced as described
above from multiple round transcription experiments except
that 10uM CTP and 10uCi [a-*?P]CTP (3000 Ci/mmol)
were used in place of 0.5 mM CTP. Unlabeled transcripts
were treated with calf intestinal phosphatase to remove the
-terminal phosphate. Following purification from a 15%
denaturing gel using th&P-labeled runoff transcript as a
marker, phosphatase-treated RNA transcripts werend
labeled with T4 polynucleotide kinase ang-PP]ATP
(Maniatis et al., 1982). RNA sequence analysis was carried
out with base-specific ribonucleases as described in the RNA
Sequencing Kit (United States Biochemical Corp.).

E. coli RNA polymerase-generated transcripts were pro-
duced under single round transcription conditions as de-
scribed above, and cDNAs were generated with MMLV
reverse transcriptase and &ntisense primer (BATAC-
GACTCACTATAGGGA-3) under conditions recommended
by the supplier (Novagen). The cDNAs were PCR-amplified
with the 3 antisense primer and thé Sense primer (5
TTGCAGAATACACGGAATT-3) using Fisher Tag DNA
polymerase and sequenced using the Sequenase Version 2.0
DNA Sequencing Kit (United States Biochemical).

Quantitation of Bypass Efficiency of SP6 and E. coli RNA
Polymerases. Three separate single round transcription
experiments for each gap-containing template were carried
out, and the relative amounts of stalled, short terminated,
and runoff RNA transcripts at each time point were
determined by phosphorimager analysis of the transcription
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A
56merNT
SP6-CGAPO 57- AATACACGGTTGGTTGGGGTGGAGTTGGAGACGGGTG-3
37 - TTATGTGCCAACCAACCCCACCTCAACCTCTGCCCAC-5'\\\\56
mer
SP6-GAPO-DHU 3’ -CTAAATCCACTGTGATATCTTATGTGCCAACCAACCCXACCTCAACCTCTGCCCAC-5"
S6merNT 56mexrDHU
SP6-GAP1L
18mer
56merNT
SP6-GAP2 —
17mer
56merNT
SP6-GAP3
l16mer
GAATACACGGTTGGTTGGGAGGGGGGTGGAGTTGGAGACGGGTG-3 1
SP6-GAPS CTTATGTGCCAACCAACCC CCACCTCAACCTCTGCCCAC-5"
[ INT
SP6-GAP7 i —
37mer 18mer
S2merNT
SP6-GAP9
37mer lémer
SP6-GAP11 GAATACACGGTTGGTTGGGAGGAAGAAGTTGGTGGAGTTGGAGACGGGTG-3
CTTATGTGCCAACCAACCC CCACCTCAACCTCTGCCCAC-5"
68merNT
SP6-GAP13 '37mer 18mer
68merNT
SP6-GAP1S —
l6mer
£8merNT
SP6-GAP19
lémer
B
Top strand: 5’-(68mer-NT)-(69mer-NT) -3’
68mer-NT: 5’'-CCCATCCCCCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGCAGAATACACGGAATTC-3"
69mer-NT: 5’'-GAGCTCGCCCGGGGATCCTCTAGAGTCGACCTGCAGCCCAAGCTTCCGGTCTCCCTATAGTGAGTCGTA-3
Bottom strand: 3’'-46mer-53mer-38mer-5' Bottom strand: 3’'-46mer-53mer-37mer-5-
(EC-GAPO) (EC-GAP1)
4émer: 3’ -GGTAGGGGGACAACTGTTAATTAGTAGCCGAGCATATTACACACCT-5"
S3mer: 3’'-TAACGTCTTATGTGCCTTAAGCTCGAGCGGGCCCCTAGGAGATCTCAGCTGGA-5"
38mer: 3'-CGTCGGGTTCGAAGGCCAGAGGGATATCACTCAGCATA-5"
37mer: 3'-GTCGGGTTCGAAGGCCAGAGGGATATCACTCAGCATA-5"
Tac Promoter
EC-GAPO AATTGCAGAATACACGGAATTC--
TAACGTCTTATGTGCCTTAAG- -
- -GAGCTCGCCCGGGGATCCTCTAGAGTCGACCTGCAGCCCAAGCTTCCGGTCTCCCTATAGTGAGTCGTA-3
~-CTCGAGCGGGCCCCTAGGAGATCTCAGCTGGACGTCGGGTTCGAAGGCCAGAGGGATATCACTCAGCATA-S
EC-GAP1 AATTGCAGAATACACGGAATTC--

CTTAACGTCTTATGTGCCTTAAG-~

--GAGCTCGCCCGGGGATCCTCTAGAGTCGACCTGCAGCCCAAGCTTCCGGTCTCCCTATAGTGAGTCGTA-3 !
--CTCGAGCGGGCCCCTAGGAGATCTCAGCTGGA GTCGGGTTCGAAGGCCAGAGGGATATCACTCAGCATA-S"

Ficure 1: (A) SP6 RNA polymerase transcription templates SP6-GAPO, SP6-GAP1, SP6-GAP2, SP6-GAP3, SP6-GAP5, SP6-GAP7,
SP6-GAP9, SP6-GAP11, SP6-GAP13, and SP6-GAP15 contain gaps of 0, 1, 2, 3,5, 7, 9, 11, 13, and 15 nucleotides in length, respectively,
on the template strand starting 20 nucleotides downstream from the transcription start site. Template GAPO-DHU contains dihydrouridine
(DHU) at position “X”, 20 nucleotides downstream from the transcription start site. Template SP6-GAP19 contains a gap 19 nucleotides
in length starting 16 nucleotides downstream from the transcription start site. The shaded blocks indicate the SP6 RNA polymerase promoter.
The horizontal arrow indicates the transcription start site and direction of transcriptiof. (8)i RNA polymerase transcription templates

and oligonucleotides from which these templates were synthesized. EC-GAPO and EC-GAP1 contain an intact (EC-GAPO) or a single
nucleotide gap (EC-GAP1) on the template strand starting 55 nucleotides downstream from the transcription start site as indicated by the
vertical arrow. Shaded blocks indicate the tac promoter.
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products on denaturing polyacrylamide gels as previously elongation complexes when its active site encounters a
described (Liu et al., 1995). For templates transcribed by damaged base (DHU) versus a gap on the template strand.
SP6 RNA polymerase, there are 3 cytosine residues in each To prepare the templates EC-GAPO and EC-GAP1 used
runoff transcript (RO) and 2 cytosine residues in each short in the E. coli RNA polymerase experiments, five different
terminated transcript (STT121). The percentage of STT oligonucleotides were annealed, ligated, and purified from
(all species) was calculated as (STT) (3/2)/[(STT) (3f2) a 20% nondenaturing gel (Materials and Methods). The
(RO)] x 100, and the percentage of gap bypass was resulting template EC-GAP1 contains a single nucleotide gap
calculated as (RO)/[(STT) (3/2 (RO)] x 100 (Zhou & on the template strand 55 nucleotides downstream from the
Doetsch, 1994). For templates transcribedehycoli RNA start of transcription (Figure 1B). Transcription of EC-GAPO
polymerase, there are 28 cytosine residues in each full lengthshould generate a full length, runoff transcript of 92
transcript and 16 cytosine residues in each short terminatednucleotides in length (RO92).

transcript (STT). The percentage of STT was calculated as SP6 RNA Polymerase Betiar at Small Template Strand
(STT) (28/16)/[(STT)(28/16)+ (RO)] x 100, and the Gaps. To determine the interaction of SP6 RNA polymerase
percentage of gap bypass was calculated as (RO)/[(STT) (28Mwith template strand gaps during elongation, comparative

16) + (RO)] x 100. single round transcription experiments were carried out
RESULTS initially on templates SP6-GAPO, SP6-GAPO-DHU, SP6-
GAP1, and SP6-GAP2. Each molecule of template is

Generation of Gapped DNA Templates for in Vitro utilized only once by a single molecule of RNA polymerase,
Transcription. Unbroken, control DNA templates SP6- and the transcription products generated reflect a single,
GAPO and SP6-GAPO-DHU were constructed by chemical promoter-dependent elongation event (Zhou & Doetsch,
synthesis of an SP6 RNA polymerase promoter-containing 1993). Single round transcription experiments with the
template strand from oligonucleotides 56mer and 56mer- control template SP6-GAPO produced full length, runoff
DHU (containing a single DHU 19 nucleotides from tHe 5  transcripts (RO38) as expected (Figure 2A, lanes’@
end) and annealing to the complementary nontemplate strandJnder these conditions, the transcription process was es-
oligonucleotide 56mer-NT (Figure 1A). The resulting duplex sentially complete after 60 s, followed by one and two
templates contained the SP6 promoter and a transcriptionnucleotide nontemplated additions to theeBd of RO38
region of 38 nucleotides in length. In template SP6-GAPO- which resulted the generation of species 39 and 40 nucle-
DHU, the DHU is located at a position 20 nucleotides otides in length. Such nontemplated additions are a property
downstream from the start of transcription. DHU on the of several RNA polymerases, including SP6 RNA poly-
template strand has previously been shown to cause briefmerase (Jacques et al.,, 1991; Zhou & Doetsch, 1993).
pausing of SP6 RNA polymerase (Liu et al., 1995) and thus Transcription of template SP6-GAP0-DHU (containing DHU
was used to provide a size marker for short terminated in place of cytosine on the template strand 20 nucleotides
transcripts generated from the gapped templates. Templateslownstream from the start of transcription) resulted in the
SP6-GAP1, SP6-GAP2, and SP6-GAP3 were constructed byinitial production of stalled transcript ST19 which rapidly
the annealing of 56mer-NT with two other oligonucleotides, disappeared at later times and was converted into a full length
a 37mer which is complementary to theénd of 56mer- transcript (RO38) (Figure 2A, lanes-83). Such pausing/
NT and a 18mer, 17mer, or 16mer which are complementary elongation at sites of DHU has been previously observed
to the 3-end of 56mer-NT (Figure 1A). Templates SP6- with both SP6 and T7 RNA polymerases (Liu et al, 1995).
GAP5, SP6-GAP7, and SP6-GAP9 were constructed by In contrast, a single round of transcription with template SP6-
annealing of 62mer-NT with the 37mer plus a 20mer, 18mer, GAP1 generated short terminated transcripts of 19 nucle-
or 16mer, respectively (Figure 1A). Templates SP6-GAP11, otides (STT19) and runoff transcripts (Figure 2A, lanes 14
SP6-GAP13, and SP6-GAP15 were constructed by annealingl9). However, with the gapped template nontemplated
of oligonucleotide 68mer-NT with the same set of oligo- additions also occurred with STT19 to generate short
nucleotides used in the construction of SP6-GAP5, SP6-terminated transcripts of 20 and 21 nucleotides in length
GAP7, and SP6-GAP9. SP6-GAP19 was constructed by (STT20-21). Unlike ST19 resulting from the transcription
annealing of 68mer-NT with a 33mer and a 16mer. In of template SP6-GAPO-DHU in which essentially all of ST19
templates SP6-GAP1 through SP6-GAP15, the start site ofwas elongated into full length RO38, the total amount of
the gap is 20 nucleotides downstream from the start of STT19-21 generated from template SP6-GAP1 did not
transcription. In template SP6-GAP19, the start of the gap change with time, indicating that a fraction of SP6 RNA
is 16 nucleotides downstream from the start of transcription. polymerase is permanently arrested at the gap site and has
This collection of templates allows for the study of SP6 RNA lost the ability for further chain elongation. However, the
polymerase transcription of gapped templates which can bemajority of template-engaged SP6 RNA polymerase was able
directly compared to the previous studies of T7 RNA to continue RNA synthesis and generate full length runoff
polymerase behavior on gapped templates (Zhou et al., 1995)transcripts. The runoff transcript generated from template
Transcription of the control template SP6-GAPO (unbroken, SP6-GAP1 was 37 nucleotides in length (RO37) and was
containing no gaps) should generate full length, runoff one nucleotide shorter than RO38 produced from templates
transcripts 38 nucleotides in length (RO38), and transcription SP6-GAPO and SP6-GAPO-DHU. Nontemplated additions
of SP6-GAPO-DHU should generate a 19 nucleotide stalled of one and two nucleotides also occurred for RO37, resulting
transcript (ST19) at early times following the start of in the generation of species 38 and 39 nucleotides in length.
elongation with subsequent efficient bypass and generationin addition, for some templates, a family of minor bands
of RO38 (Liu et al., 1995). The inclusion of this template can be observed just below the region of the RO transcripts
provides a transcript size marker 19 nucleotides in length and may result from premature release as the elongation
and allows direct comparison of SP6 RNA polymerase complex approaches the end of the template.
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Ficure 2: (A) Single round transcription experiments with SP6 RNA polymerase and templates SP6-GAPO, SP6-GAP0O-DHU, SP6-GAP1,
and SP6-GAP2 templates. Region ST and STT indicates either stalled transcripts (ST19) or short terminated transcript2 15 Eht9

arrow RO indicates runoff transcripts. Lanes?, 8—13, 14-19, and 26-25 correspond to transcription products generated at 10 s, 20 s,

30 s, 1 min, and 2 min following the start of elongation, respectively. RNA size marker ladder is included in the end lanes (SM). (B) Single
round transcription experiments with SP6 RNA polymerase with templates SP6-GAPO, SP6-GAP11, SP6-GAP13, and SP6-GAP15. Region
STT indicates short terminated transcripts (STF¥22), and arrow RO indicates runoff transcripts. Lane$27—11, 12-16, and 1721

represent transcription products generated at 10 s, 30 s, 1 min, and 2 min after the start of transcription, respectively.

Quantitation of the relative amounts of transcripts RO37 the same 37mer which is complementary to the upstream
and STT19-21 indicated that the efficiency of a one portion of 56mer-NT. The difference with these three
nucleotide gap bypass by SP6 RNA polymerase is about 80%templates is in the distal portion of the template strand
(Figure 3). The result of a single round of transcription on corresponding to 18mer (SP6-GAP1), 17mer (SP6-GAP2),
a two nucleotide gap-containing template (SP6-GAP2) is or 16mer (SP6-GAP3). Thus, the size of the runoff
similar to the result obtained with template SP6-GAP1. Both transcripts from one, two, and three nucleotide gap bypass
short terminated and runoff transcripts were produced (Figureevents corresponds to RO38 minus the gap size. Single
2A, lanes 26-25), and the gap bypass efficiency was round transcription experiments with templates SP6-GAP5,
approximately 72% (Figure 3). Runoff transcripts 36 nucle- SP6-GAP7, and SP6-GAP9 (Figure 1A) were also carried
otides in length were generated and are two nucleotidesout (not shown), and runoff transcripts 39, 37, and 35
shorter than those produced with template SP6-GAPO. nucleotides in length, respectively, were generated with
Single round transcription experiments with template SP6- decreasing efficiencies (Figure 3). In each case of template
GAP3 generated runoff transcripts 35 nucleotides in length gap bypass, the sizes of the runoff transcripts are equal to
which are three nucleotides shorter than RO38 (not shown).the theoretical length of the runoff transcript that would result
Templates SP6-GAP1, SP6-GAP2, and SP6-GAP3 werefrom transcription of the corresponding control, unbroken
constructed with the same nontemplate strand 56mer-NT andtemplate minus the gap size (Figure 1A). We conclude from
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100MOQ into terminated complexes after one or two nucleotide
nontemplated additions occur (Figure 2).

Sequence Analysis of SP6 RNA Polymerase Transcripts.
80 A [ ] To determine the nature of the transcript that was generated
A% as a result of gap bypass by SP6 RNA polymerase, we

( J

utilized multiple round transcription conditions to generate

runoff transcripts from the 5 nucleotide gap-containing

A template SP6-GAP5. This template possesses an intermedi-

40 4 ate gap size and is bypassed with a relatively high efficiency
{

60

Y to produce a sufficient amount of RNA for direct sequence
analysis using base-specific ribonucleases (Materials and
Methods). Sequence analysis of the runoff transcript pro-
duced from the control template SP6-GAPO revealed the
i expected nucleotide sequence complementary to the template
0 5 10 15 20 strand (Figure 4A,B). The sequences obtained from the
runoff transcript produced from polymerase bypass of the
template strand gap in SP6-GAPS5 indicated that SP6 RNA
gaps on the transcribed strand. The relative amounts of short]EI)Okam eraie falthful!y tragscrlber? th(?_brc()jke? tﬁmplate Stfa”d
terminated transcripts (STT121) and runoff (RO) transcripts were anking the gap site. From the 5-end of t e.transcnpts
determined as described in Materials and Methods. This figure generated from template SP6-GAPS, there are five consecu-
compares the bypass efficiency of SP6 RNA and T7 RNA tive Gs at nucleotide positions #@0. The first three Gs
Eg'ygﬁséas'ii on ltemplate s{Lrand gapﬂ? nU,C"EEgtigeS(;nt length. y (16—18) are complementary to the three Cs at therd of

r olymerase, three separate single round transcription ; :
experiments W%reyconducted for eatr:)h templatge. Error bars reprgsenihe proximal portion of the broken template strand, Wher(_aas
standard deviations. The data for the bypass of gaps by T7 RNA the last two Gs (19 and 20) are complementary to the first
polymerase is taken from Zhou et al. (1995). Open triangles two 3 Cs of the distal portion of the broken template (Figure
correspond to SP6 RNA polymerase, and the filled circles cor- 4A). Thus, the sequence of this runoff transcript reflected
respond to T7 RNA polymerase. the full template sequence with the RNA deleted precisely
these results that SP6 RNA polymerase is capable offor the gapped region on the template strand. We conclude
bypassing small gaps on the template strand and that thefrom the gap bypass and sequence analysis results that SP6
efficiency of gap bypass decreases as the gap size increase®NA polymerase can efficiently transcribe templates with

SP6 RNA Polymerase Befiar at Large Template Strand  gaps on the template strand and generate faithfully templated,
Gaps. We wished to determine whether SP6 RNA poly- internally deleted transcripts.
merase exhibited stalling or bypass behavior at large gaps E. coli RNA Polymerase Bypasses a Gap in the Template
(greater than 10 nucleotides in length) on the template strand.Strand. Both SP6 and T7 RNA polymerases are single
Single round transcription experiments with SP6 RNA polypeptide phage enzymes. Therefore, it was important to
polymerase were carried out on templates SP6-GAP11, SP6-determine whether gap bypass was also a property of multiple
GAP13, SP6-GAP15, and SP6-GAP19. Transcription of the subunit RNA polymerases such Bscoli RNA polymerase
control template SP6-GAPO generated a full length runoff (5 subunits). Single round transcription experiments were
transcript RO38 as expected (Figure 2B, lanesrRand carried out with templates EC-GAPO (control, unbroken
which, at later times, was extended by two additional template) and EC-GAP1 (single nucleotide gap template).
nucleotides via nontemplated additions. The results of SP6 Transcription of template EC-GAPO resulted the generation
RNA polymerase single round transcription of templates SP6- of full length runoff transcripts 92 nucleotides in length
GAP11, SP6-GAP13, and SP6-GAP15 (Figure 2B, lanes (RO92) as expected (Figure 5A, lanes12). Under the
7—11, 12-16, and 1721) were similar to those obtained same conditions, transcription of EC-GAP1 generated short
with SP6 RNA polymerase with templates SP6-GAP1 and terminated transcripts in the range of 54 nucleotides in length
SP6-GAP2 except that a lower overall efficiency of bypass as well as runoff transcripts (Figure 5A, lanes@). It
was observed (Figure 3). Runoff transcripts of 31 nucle- appeared that the mobility of this runoff transcript (RO91)
otides in length were generated as a result of bypass of a 19vas slightly greater than that of RO92. This mobility
nucleotide gap, and the efficiency of bypass was 12% (datadifference was further substantiated by subjecting these
not shown). For all of the large gap-containing templates runoff transcripts to electrophoresis for 20 h on a 20%
(SP6-GAP11 through SP6-GAP19), the size of the corre- denaturing polyacrylamide gel which confirmed that RO
sponding runoff transcripts is the size of the theoretical full generated from EC-GAP1 is one nucleotide shorter in length
length RO generated from unbroken template minus the than RO generated from EC-GAPO (Figure 5B). The gap
gapped region. The efficiencies of gap bypass by SP6 andbypass efficiency okE. coli RNA polymerase is 56t 3%
T7 RNA polymerases are compared in Figure 3. In general, (Materials and Methods). We conclude that coli RNA
the gap bypass efficiencies for SP6 and T7 RNA polymerasespolymerase can also bypass at least a one nucleotide gap on
are similar. SP6 RNA polymerase stalls temporarily at sites the template strand and generate a runoff transcript which
of DHU, and the stalled ternary complexes are still tran- is one nucleotide shorter than the runoff transcript resulting
scriptionally engaged with subsequent base insertion oppositefrom the unbroken, control template. Based on these results,
to DHU and further efficient chain elongation into runoff we also conclude that gap bypass is a general property of
transcripts (RO38). However, arrested elongation complexesprokaryotic RNA polymerases.
from gap-containing templates are no longer transcriptionally =~ Sequence Analysis of E. coli RNA Polymerase Transcripts.
engaged. These arrested elongation complexes are converte@iranscripts from templates EC-GAPO and EC-GAP1 were
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Ficure 3: Bypass efficiency of SP6 RNA polymerase at sites of
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Ficure 4: (A) Templates used in RNA sequence analysis. Template SP6-GAPO encodes a full length transcript 38 nucleotides in length,

and the predicted sequence of the transcript is shown. Template SP6-GAP5 contains a gap on the template strand 5 nucleotides in length

corresponding to nucleotide positions-224 downstream from the transcription start site. Sequence for the deduced transcript generated

from SP6-GAPS is shown below the template. (B) Transcript sequence analysis. SP6 RNA polymerase-generated transcripts from template

SP6-GAPO and SP6-GAPS5 were produced under multiple round transcription conditionsearttil&beled as described in Materials and

Methods. RNA sequencing was carried out with base-specific ribonucleases (lanes G, AACGndl LH-C). Arrows indicate the nucleotides

inserted at positions 18 and 19 from theehd of the RNA and correspond to insertions opposite to the two cytosines flanking the gap on

the template strand of SP6-GAP5 (panel A). The RNA size ladder was generated by alkaline hydrolysis (OH ldrers) tflieled RO38

from template SP6-GAPO (Liu et al., 1995).

@]
L]

generated under single round transcription conditions. Run-DISCUSSION
off transcripts were used to generate cDNA s by RT-PCR The results of these studies indicate that both SP&Eand

followed by DNA. sequencing (Materla]s and Methods). coli RNA polymerases are able to continue elongation when
Sequence analysis of the runoff transcripts generated oMy, ere are gaps of various sizes present on the template strand.
template EC-GAPO revealed thit coli RNA polymerase  goth RNA polymerases generate internally deleted transcripts
faithfully transcribed the broken template strand flanking the from such templates. This suggests that gap bypass is a
gap (Figure 6). The sequence of the transcripts as a resullgeneral property of prokaryotic RNA polymerases. The
of gap bypass reflected the full template sequence with thedecrease of gap bypass efficiency as gap size increases
RNA deleted for the gapped nucleotide. From these I’eSU|tSpr0bab|y represents the competition between gap closing,
we conclude thakE. coli RNA polymerase can bypass a one which supports further chain elongation, and nontemplated
nucleotide gap on the template strand and generate correctlyadditions leading to termination of transcription (Zhou et al.,
templated, internally deleted transcripts. 1995). This notion is further supported by the different
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A nontemplated nucleotide to the stalled transcript, resulting
Template: EC-GAP1 EC-GAP0 in a dead end complex.
RNA sequence analysis revealed that both SPEEamli
RNA polymerases are able to bring the distal portion of the

e o |
- broken template to the active site and continue the elongation
' process. When there is a 13, 15, or 19 nucleotide gap present
(‘;01 ;':) 1 (49_2Rgt) in the template strand, we speculate that the distal portion
of the template strand is likely to be outside of the leading
edge of the SP6 RNA polymerase molecule when its active
site is stalled at the beginning of the gap. The fact that both
SP6 and T7 RNA polymerases bypass large gaps on the
template strand suggests that it is the RNA polymerase
N

Time:

of template strand into the polymerase and closes the gap
(Zhou et al., 1995). This model is further supported by the
observation that when certain regions of the nontemplate
strand are deleted, SP6 RNA polymerase cannot efficiently
generate full length runoff transcripts (J. Liu and P. Doetsch,
unpublished results). These gap bypass results suggest a
critical role for a RNA polymerasenontemplate strand
interaction during the normal elongation process. It is

nontemplate strand interaction that pulls the distal portion
st [ !’

(R

> Ho possible that it is this polymeras@ontemplate strand
B 1 2 interaction that helps maintain efficient movement of poly-
merase along the DNA template strand.
RO — -4(:;‘ ont ) Although only prokaryotic RNA polymerases were inves-
(91 nt) tigated in this and previous studies of template strand gap

bypass, the results with. coli RNA polymerase may have
implications for eukaryotic RNA polymerases as weH.

coli RNA polymerase and eukaryotic RNA polymerase |l
are responsible for the regulated expression of thousands of
genes during various cellular process. Many similarities exist

FIGURE5: Template strand gap bypassbycoli RNA polymerase. between these two _p_o_lyr_nerases and their _trans_crlptlon
(A) Single round transcription experiments with templates on EC- Processes. General initiation factors TBP (Horikoshi et al.,
GAPO and EC-GAP1. Region STT corresponds to short terminated 1989), TFIIB (Ha et al., 1991), and TFIIE (Ohkuma et al.,
transcripts. Arrow RO indicates runoff transcripts 91 and 92 1991) share different regions of sequence homology with
nucleotides in length. Lanes-6 and 712 correspond to transcripts ;70 initiation factor. The8 andp’ subunits ofE. coli RNA

generated at 10 s, 30 s, 1 min, 2 min, and 4 min, respectively. (B) -
Size difference of RO transcripts generated from templates EC- polymerase also share sequence homology with the two

GAPO and EC-GAP1. Lanes 1 and 2 are the runoff transcripts from largest subunits of RNA polymerase Il (Allison et al., 1985;
template EC-GAP1 and EC-GAPO, respectively. Runoff transcripts Sweetser et al., 1987). The ability &. coli RNA poly-

(RO) produced at 1 min following start of elongation for both merase to bypass a gap on the template strand indicates that
templates were subjected to electrophoresis on a 20% denaturlnggap bypass can be achieved by a multiple subunit RNA

polyacrylamide gel for 20 h followed by autoradiography. The size - .
difference between the two transcripts is one nucleotide and is POlymerase and thus underscores the importance to inves-

indicated by the horizontal lines between lanes 1 and 2. tigate the behavior of RNA polymerase Il at a gap site.
The efficiency ofE. coli RNA polymerase bypass of a
pattern of transcripts generated from SP6 RNA polymerasessingle nucleotide gap is lower than that of SP6 and T7 RNA
bypass of DHU versus the gaps on the template strandpolymerases. A relatively lower overall transcription ef-
(Figure 2A). DHU only briefly stalls the RNA polymerase, ficiency of E. coliRNA polymerase compared with the phage
and the stalled elongation complex is still transcriptionally RNA polymerases could account for this difference. A
engaged. After SP6 RNA polymerase inserts an adenineslower movinge. coli RNA polymerase elongation complex
opposite to the site of DHU, efficient elongation is resumed would pull the template strand in at a slower rate (compared
(Liu et al., 1995). Nontemplated additions do not occur to more efficient phage RNA polymerases) when encounter-
because of the presence of an intact unbroken DNA templateing a gap on the template strand. We propose that such
strand, and the stalled elongation complexes are able toslower processing would increase the chance for nontem-
continue RNA synthesis with a high degree of efficiency. plated additions resulting in transcription termination. It
When SP6 RNA polymerase is arrested at a gap site,could also be predicted that gap bypass will be less efficient
nontemplated additions leading to termination occur at the with eukaryotic RNA polymerases because of a lower overall
same time the gap is being closed. As a result, the transcription efficiency compared to that of prokaryotic RNA
cumulative amount of STT1921 did not change over time  polymerases.
during a single round of transcription (Figure 2A,B). Thus = We have shown that small to large size gaps in the
it can be predicted that SP6 RNA polymerase bypasses larggemplate strand can be bypassed by prokaryotic RNA
gaps with a lower efficiency because a longer time would polymerases. The resulting transcripts are internally deleted
be required to close large gaps compared to small gaps orfor the gapped region. Single nucleotide gaps can be
alternatively, reflects an increased probability of adding a generated in cells by free radical damage to DNA as a
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FIGURE 6: Sequence analysis of transcripts generated from templates EC-GAPO and EC-GAPL. (A) Template EC-GAPO encodes a full
length transcript 92 in length, and part of the predicted transcripts is shown. Template EC-GAP1 contains a one nucleotide gap at nucleotide
position 55 downstream from the transcription start site, and part of the deduced transcript sequence is shown. (B) Transcript sequence
analysis. RT-PCR and DNA sequencing were carried out as described in Materials and Methods. Arrows indicate nucleotides U and C
inserted at positions 54 and 55 downstream from thenl of the transcript, respectively, and correspond to insertions opposite to the two
nucleotides flanking the gap on the template strand of EC-GAP1 (panel A).
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