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We have examined the effects of removing individual
template nucleosides on promoter escape by Esche-
richia coli RNA polymerase in vitro. The ability of DNA
templates containing random single nucleoside gaps
generated by hydroxyl radical treatment to support the
production of stable ternary transcription complexes
was analyzed. On two templates containing different
promoter and initial transcribed regions, we found that
removal of nucleosides on the template strand in the
region from —13 to at least +8 relative to the transcrip-
tion start site interfered with ternary complex forma-
tion. The downstream border of this region varied for
the two templates, suggesting an effect of the specific
nucleotide sequence on the stability of intermediates in
the promoter escape process. On the nontemplate
strand, removal of nucleosides in the vicinity of the —10
consensus promoter element interfered with escape,
whereas removal of nucleosides in the vicinity of the
transcription start site actually enhanced the yield of
ternary complexes. On one template, removal of nucleo-
sides in an A-tract containing region upstream of the
promoter caused a significant decrease in promoter es-
cape, consistent with previous suggestions that contacts
between this region and the RNA polymerase play a role
in promoter binding and/or initiation.

The initiation of transcription by Escherichia coli RNA po-
lymerase involves not only DNA binding, but also subsequent
isomerization to a kinetically competent “open” promoter com-
plex, onset of RNA synthesis in an abortive, unstable mode
termed an “initial transcribing complex” (1), and eventually the
loss of o factor and transition to a stably elongating mode
characterized by salt resistance and a reduced DNA footprint
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(2). Promoters vary greatly in their effectiveness at each of
these steps, with any single step having the potential of becom-
ing rate-limiting for transcription initiation (reviewed in Ref.
3). The variation in properties among promoters depends not
only on the nucleotide sequence in the region of initial promoter
binding, but also on the sequence comprising the initial tran-
scribed region (1, 4-7).

Although the role of template DNA sequence in open complex
formation has been extensively characterized through genetic,
biochemical, and in vitro mutagenic analysis (3), the basis for
variation in the steps subsequent to open complex formation is
poorly understood. The current view of initiation supposes a
series of conformational changes involving movement of flexi-
ble domains within the polymerase to accommodate a nascent
RNA chain and translocate the active site to consecutive tem-
plate positions, at first without relinquishing contacts estab-
lished during open promoter formation. Presumably, the strain
accumulated in this process eventually leads to a major tran-
sition in which o factor is expelled, contacts with the promoter
recognition elements are relinquished, and the enzyme as-
sumes a conformation characteristic of a stable, processively
elongating ternary complex. The properties of the elongating
ternary complex have been the subject of recent controversy
(reviewed in Refs. 8 and 9) as to whether the enzyme maintains
a rigid structure such that ternary complexes at all template
positions are analogous or whether continued relative motion
of flexible parts within the enzyme leads to a cycling among
multiple possible structures, resulting in an “inchworm-like”
movement along the template. Regardless, the importance of
enzyme flexibility in the process of initiation seems clear, and
it seems likely that differences in interactions of specific tem-
plate nucleotide sequences with the polymerase during the
series of conformational changes involved in promoter escape
must account for the promoter-specific variation in initiation
properties.

A systematic analysis of the effects of specific template mu-
tations on the process of promoter escape would be prohibitive
in its scope and, barring the use of heteroduplex templates,
would not distinguish between the roles of the template and
nontemplate strands. As an initial approach to assessment of
the role of nucleotide sequence in a biochemical process, it is
desirable to be able to screen a large number of nucleotide
changes, on each of the DNA strands, simultaneously. Chemi-
cal techniques for generating populations of such modified
DNA molecules, such as methylation (10), ethylation (10), de-
purination (11), and cleavage with hydroxyl radical (12) have
been used to define protein-DNA contacts necessary for specific
binding events. In this case, we wished to apply such a tech-
nique to study the transition from an open promoter complex to
a stable ternary transcription complex.
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The missing nucleoside technique (12) uses native gel elec-
trophoresis to discriminate among a population of DNA mole-
cules, which have been randomly gapped by treatment with
hydroxyl radical, according to their ability to form a specific
protein-DNA complex. Native gel electrophoresis can resolve
ternary complexes of RNAP, DNA, and RNA from binary com-
plexes containing only enzyme and DNA (1, 13, 14), and ter-
nary complexes themselves can exhibit varied mobilities based
on a number of contributing factors that may include polymer-
ase subunit composition or conformation, degree and position of
DNA bending, and length of RNA product. We decided that
these properties presented a rich opportunity to dissect the
roles of various template nucleosides in the events leading from
promoter binding to the formation of a productively elongating
transcription complex.

EXPERIMENTAL PROCEDURES

RNA Polymerase—E. coli RNA polymerase was generously provided
by Dr. Michael Chamberlin (University of California, Berkeley, CA).
The C terminus of the 3 subunit of polymerase is histidine-tagged in the
preparation of the enzyme (15).

Preparation of DNA Templates—Plasmids pAR1707 (16) and pT-T7
(17) were generously provided by Dr. Michael Chamberlin (University
of California, Berkeley, CA). Fragments containing the promoters were
prepared by PCR! as described previously (1). Template 1, a 242-base
pair fragment spanning the region —149 to +93 of the T7 A1 promoter,
was generated from pAR1707. Template 3, a 245 base pair fragment
spanning the region —158 to +87 of the tac promoter, was generated
from plasmid pT-T7. The template or nontemplate strand primers for
template 3 or the template strand primer for template 1 were 5’ radio-
labeled prior to PCR using [y-*2P]ATP and polynucleotide kinase (18).
Following PCR and digestion with Banl, the nontemplate strand of
template 1 was 3’ radiolabeled using [a-**P]dGTP and DNA polymerase
I Klenow fragment (18). The specific activity of the radiolabeled DNA
was approximately 5 X 10° cpm/pmol. PCR products were purified on
6% native polyacrylamide gels (29:1 acrylamide:bisacrylamide). The
DNA was recovered by the crush and soak procedure (18).

Templates used in the “singly gapped template” experiment (see
Figs. 7 and 8) have the sequence of the template containing the T7 Al
promoter (template 1) but with a gap on the template strand at position
+10 or +13. The templates were generated by annealing three oligo-
nucleotides. The following oligonucleotides were purchased from Inte-
grated DNA Technologies (Coralville, TA): 1) NT6040, the nontemplate
strand from —60 to +40; 2) T6040, the template strand from —60 to
+40; 3) T6012, the template strand from —60 to +12; 4) T1440, the
template strand from +14 to +40; 5) T6009, the template strand from
—60 to +9; and 6) T1140, the template strand from +11 to +40. The 5’
ends of the oligonucleotides T6012 and T6009 and the 3’ ends of the
oligonucleotides T1440 and T1140 were phosphorylated so that both
ends of the gaps would be terminated by phosphates.

For each annealing reaction 2 pmol (5 X 10° cpm) of 5’ radiolabeled
NT6040 DNA was used in 50 ul of a buffer consisting of 10 mM Tris (pH
8.0), 10 mm MgCl,, and 1 mm EDTA. To obtain the intact template, 4
pmol of oligonucleotide T6040 were added to 2 pmol of NT6040. Tem-
plate with gap positioned at +13 (G13) was produced by annealing 2
pmol of NT6040, 4 pmol of T6012, and 8 pmol of T1440. The template
with a gap positioned at +10 (G10) was produced by annealing 2 pmol
of NT6040, 4 pmol of T6009, and 8 pmol of T1140. Reaction mixtures
were denatured at 90 °C for 5 min and then cooled to room temperature
over 3 h. The gapped templates were purified on a 12% native poly-
acrylamide gel.

Hydroxyl Radical Treatment—1.6 pmol of radiolabeled DNA or un-
labeled DNA were hydroxyl radical treated as described previously (12),
using the following final concentrations of reagents: 50 um ferrous
ammonium sulfate, 100 um EDTA, 1 mM sodium ascorbate, and 0.03%
H,0.,.

Transcription Reactions—0.32 pmol of DNA (PCR product or singly
gapped oligonucleotide construct) was dissolved in 30 ul of transcription
buffer consisting of 44 mwm Tris (pH 8.0), 14 mm MgCl,, 14 mm 2-mer-
captoethanol, 20 mm NaCl, 0.5% glycerol, and 40 ug/ml acetylated
bovine serum albumin. On ice, 1.1 pmol of RNA polymerase was added

! The abbreviations used are: PCR, polymerase chain reaction; EP,,
open promoter complex; EP nuc, EP, after the addition of nucleotides;
ApU, adenylyl (3'—=5")uridine.
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Tempiate 1

AGTATTGACT TAAAGTCTAA CCTATAGGAT ACTTACAGCC ATCGA GAGGG ACACGGCGAA TAGCCATCCC

40 -30 -20 -10 + +10 +20 +30
APUHATPHCTP4GTP ———————————————— A0

Template 3

GAGCTGTTGA CAATTAATCA TCGGLTCGTA TAATGTGT GG ATGGG CACCC ATCGTTCGTA ATGTTCCGTG

-40 <30 =20 -10 +1 +10 +20 +30

ApU+ATP+CTR+GTP — = AN

Fic. 1. Sequences of the nontemplate strands of the promoter
regions of templates 1 and 3. The initial transcribed region under
limited nucleotide conditions is shown in bold type.

to each reaction, followed by incubation in a water bath at 30 °C for 10
min. 10 upl of this prebinding reaction was removed and stored at 30 °C
for an additional 10 min, and then 3.5 ul of sucrose loading buffer (60%
sucrose, 0.01% bromphenol blue, and 0.01% xylene cyanol) was added.
To the remaining reaction mixture nucleotides were added to final
concentrations of 44 uM ApU and 1.25 uM each of ATP, GTP, and CTP
for template 1, or 115 um ApU and 6.5 uMm each of ATP, GTP, and CTP
for template 3. For reactions in which the RNA was to be labeled,
[a-*?P]CTP was included at a specific activity of 10° cpm/pmol. For the
RNA sequencing reactions shown in Fig. 8, 3'-deoxynucleoside triphos-
phates were included, as described by Arndt and Chamberlin (19).
Following an additional 10-min incubation at 30 °C, the transcription
mixture was divided into three samples: 1) 10 ul was removed and
added to 10 ul of formamide loading buffer (80% (v/v) deionized form-
amide, 50 mM Tris, 50 mMm boric acid, 1 mm EDTA, 0.1% (w/v) xylene
cyanol, 0.1% (w/v) bromphenol blue); 2) 10 ul of the reaction mixture
was chased by the addition of 65 pug/ml heparin and 0.9 mm each of ATP,
GTP, UTP, and CTP. After 10 min at room temperature, 10 ul of
formamide loading buffer was added; and 3) to the remaining mixture,
4.5 pl of sucrose loading buffer was added. For RNA size markers (see
Fig. 8), radiolabeled RNA was generated in the presence of 3'-de-
oxynucleoside triphosphate chain terminators (19) or was subjected to
hydrolysis using alkaline sodium phosphate (20).

Native Gel Electrophoresis—Samples in sucrose loading buffer were
analyzed by gel electrophoresis on 4% native polyacrylamide gels
(37.5:1 acrylamide:bisacrylamide, 0.8 mm thick, 14 cm long) run at
19 °C (template 1 and singly gapped oligonucleotide template samples)
or 4 °C (template 3). After autoradiography, the complexes were recov-
ered from the native gel by the crush and soak procedure (18) and
subjected to denaturing gel electrophoresis.

Denaturing Gel Electrophoresis of DNA and RNA—Labeled DNA
and/or RNA purified from the native gel or reserved from the reaction
mixture in formamide loading buffer was electrophoresed on denatur-
ing polyacrylamide gels (19:1 acrylamide:bisacrylamide, 8 M urea). The
total polyacrylamide concentration was 8% for the PCR template sam-
ples and 20% for the singly gapped oligonucleotide template samples.
The gels were dried and phosphorimaged using a Molecular Dynamics
PhosphorImager.

Data Treatment—The program GelExplorer (21) was applied to the
denaturing polyacrylamide gel image to obtain the intensities of the
bands at each nucleotide position in the recovered samples. At each
nucleotide position, the integral of a band from the sample of the DNA
remaining in the open promoter complex after the addition of nucleo-
tides (EP nuc) was subtracted from the integral of the corresponding
band in the sample of DNA recovered from the ternary complex. To
normalize to the starting open promoter population, this difference was
divided by the band integral for the initial open promoter complex (EP,)
at each nucleotide position. The values were then divided by 2 so that
the range of the data was 1. To correct for the partitioning behavior of
intact DNA, a value representing the average partitioning for several
bands near the bottom of the gel (typically around position +30), as-
sumed to have gaps at positions that do not affect promoter escape, was
subtracted from all data points. Therefore, the values for positions with
no effect on the partitioning fluctuate around zero. A negative intensity
indicates that a gap at that nucleotide position results in the polymer-
ase remaining at the promoter after the addition of nucleotides more
often than for intact DNA. A positive intensity indicates that a gap at
that nucleotide position results in the polymerase leaving the promoter
more often than for intact DNA.

RESULTS

For our experiments, we chose two templates (Fig. 1) for
which the biochemical properties of ternary complexes with
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2P |abeled DNA + + + + - -
unlabeled DNA - - - - + +*
hydroxyl radical + + + + + -
RMNA polymerase - + + + + +
ApU, ATR, CTP, GTP (cold) - - + i = i
ApU, ATP, GTP. (a-%2P)CTP - - - + + +
A B Cc D E F
Open Promoter Complex - - - G —
AZ0 Complex -— m— - -—
Free DNA D 1

Fic. 2. Separation of template 1 transcription complexes by
nondenaturing gel electrophoresis. Where indicated, the DNA was
5’ end-labeled on the template strand. Lane A, free hydroxyl radical-
treated DNA; lane B, hydroxyl radical-treated DNA bound by RNA
polymerase; lane C, hydroxyl radical-treated DNA with RNA polymer-
ase bound and ribonucleotides added; lane D, same as lane C except
RNA is radiolabeled; lane E, same as lane D except the DNA is not
radiolabeled; lane F, same as lane E but with control DNA (untreated
with hydroxyl radical). Specific bands named in text are assigned num-
bers: band 1, free DNA; band 2, DNA bound by RNA polymerase (EP,);
band 3, DNA bound to RNA polymerase, with ribonucleotides added
(EP nuc); band 4, DNA, RNA polymerase, and transcript in a ternary
complex (A20).

RNA polymerase have been well studied (1, 14). Template 1
contains the bacteriophage T7 A1l promoter recognition region
and initial transcribed region and can support the production of
a stable ternary complex containing RNA polymerase and a
20-nucleotide RNA (termed A20) when provided with a limited
set of nucleotide substrates (ApU + ATP, GTP, and CTP; Ref.
22). Template 3 contains the E. coli tac promoter recognition
region and an initial transcribed region that supports the pro-
duction of a stable ternary complex containing an 11-nucleotide
RNA (termed Al1l) under the same conditions (1). On both of
these templates, the transition from an abortively transcribing
complex to a stable ternary complex lacking o factor is known
to occur by the time a 10-nucleotide RNA has been synthesized
(1, 23).

The ability to resolve binary open promoter complexes (EP, )
from stable ternary complexes and from free DNA using native
gel electrophoresis is retained when the DNA template has
been gapped by treatment with hydroxyl radical (Fig. 2). Con-
sistent with previous reports (1, 13, 14, 24), the open promoter
complex (Fig. 2, lane B) has greatly reduced mobility compared
with the free DNA (Fig. 2, lane A). When EP_ complexes formed
on hydroxyl radical treated template 1 are presented with
nucleotide substrates appropriate for synthesis of A20 RNA, a
significant proportion of the resulting complexes are seen to
increase slightly in mobility (Fig. 2, lane C). Radiolabeling of
the RNA in the complexes rather than the DNA (Fig. 2, lane E)
reveals that only the new, increased mobility complex contains
an RNA component and is therefore identified as a ternary
complex. Analysis of RNA extracted from this band confirmed
that it had the expected size of 20 nucleotides (with some
contamination by a 26-nucleotide readthrough product; see
Ref. 22) (data not shown). Control experiments confirmed that
the A20 complexes assembled on hydroxyl radical treated DNA
are capable of resuming elongation when presented with a
“chase” of all four nucleotide substrates (data not shown). An
analogous experiment was carried out with template 3 (data
not shown).

The formation of ternary complexes and the retention of
some complexes with a mobility of EP, (Fig. 2, lane C) can be
viewed as a partitioning of the starting population of EP,
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Fic. 3. Design of the missing nucleoside experiment applied to
the study of promoter escape. a, radiolabeled promoter-containing
template DNA is treated with hydroxyl radical to generate a pool of
singly gapped DNA molecules. b, the DNA sample is then incubated
with RNA polymerase. Although most of the gapped templates are still
able to bind to RNA polymerase to form an open promoter complex (EP,,
right), some gaps interfere with polymerase binding (lef?). c, to a portion
of the resulting mixture, a limited set of nucleotide substrates is added
to allow transcription to initiate and proceed to form a ternary complex
stalled for lack of the missing substrate (see Fig. 1). d, native gel
electrophoresis is used to separate unbound DNA, ternary complexes,
and open promoter complexes. EP nuc designates the population of
template molecules that retain the mobility of an open promoter com-
plex even after exposure to NTP substrates. e, after elution of complexes
from the native gel, denaturing electrophoresis is used to separate
individual gapped DNA molecules from each other. Phosphorimaging is
used to quantitate the partitioning of each gapped template from the
starting EP_ population between the product EP nuc and ternary com-
plex populations.

complexes when presented with substrates for transcription. If
gaps at different positions in the DNA affect this partitioning
differently, then the representation of different gapped tem-
plates should vary between the two product complex popula-
tions. This concept formed the basis of our experimental design,
which is depicted schematically in Fig. 3. After incubation of
RNA polymerase with radiolabeled, hydroxyl radical treated
DNA to form the starting EP_ population, nucleotide substrates
appropriate for formation of a poised ternary complex are
added. After sufficient time for transcription to occur, the re-
sulting complexes are separated by native gel electrophoresis
and eluted from the gel matrix. The DNA in these complexes is
then analyzed by denaturing gel electrophoresis, where each
band represents a template molecule gapped at a unique posi-
tion on the radiolabeled strand. For each band, the quantity of
that band found in the ternary complex population compared
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Fic. 4. Effect of template gaps on formation of a stable ternary
complex. Shown is an autoradiogram of the denaturing polyacryl-
amide gel for the template strand of template 1. Lane numbers corre-
spond to numbering of the bands on the native gel from which the DNA
was recovered (Fig. 2). Control, radiolabeled DNA not hydroxyl radical-
treated. Lane A1, hydroxyl radical-treated DNA; lane B2, EP, complex;
lane C3, EP nuc complex; lane C4, A20 complex. Nucleotide positions
relative to the start site of transcription are indicated on the right.

with the quantity of that band in the starting EP, population
reveals the ability of the corresponding gapped template to
support production of a stable ternary complex.

It is important to note that under the experimental condi-
tions used, the transition from open complexes is not complete,
even with intact template molecules. This is due to a number of
factors, including the slow kinetics of initiation at low nucleo-
tide concentrations, and the presence of enzyme molecules that
are catalytically inactive but competent in binding to the pro-
moter (22). Therefore, to evaluate the importance of a particu-
lar template nucleoside in promoter escape, it is necessary to
compare the fraction of open complexes that is able to make the
transition to ternary complexes in the presence and absence of
that nucleoside.

Effects of Missing Nucleosides on the Observed Partitioning
between Open Promoter Complexes and Stable Ternary Com-
plexes—The results of a typical experiment are shown in Fig. 4,
which depicts the raw data for the template strand of template 1.
Although the population of template molecules found in EP,
complexes (Fig. 4, lane B2) is partially depleted for certain posi-
tions where gaps adversely affect open promoter formation, there
is no one template position where existence of a gap completely
abolishes EP, formation. Indeed, under the conditions employed,
the vast majority of template molecules is bound by RNA polym-
erase (Fig. 2, lane B). Thus, every possible gapped template
molecule is represented at least to some degree in the EP, com-
plex population that participates in the formation of a ternary
complex. The amount of DNA representing each template gap
position was calculated by peak fitting and integration of the
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Fic. 5. The effect of a missing nucleoside in the template
strand on escape from the promoter. Data for template 1 (A) and
template 3 (B) are shown. Data were treated as described under “Ex-
perimental Procedures.”

phosphorimaged gel data using the GelExplorer program (21).
For each experiment, the integrals for the two product popula-
tions (ternary complex and EP nuc, the population of complexes
that retains the mobility of the original EP, complex) sum nearly
exactly to the integral of the starting EP_ population (data not
shown), indicating that it is valid to treat this process as a
partitioning event between two possible outcomes.

The partitioning of each gapped template between the ter-
nary complex population and the EP nuc population was com-
pared with the partitioning observed for full-length (i.e. un-
gapped) template (Figs. 5 and 6, respectively, for gaps on the
template and nontemplate strands). A negative value indicates
a template position where a gap interferes with the transition
of an EP_  complex to a stable ternary complex, whereas a
positive value indicates a template position where a gap ap-
pears to enhance this process.

On the template strand (Fig. 5), there were few, if any,
positions for either template where nucleoside removal en-
hanced formation of a stable ternary complex. Rather, an ex-
tensive region flanking the start site of transcription (—13 to
+11 on template 1, and —13 to +8 on template 3) was observed
in which missing nucleosides caused the complex to remain at
the EP nuc position. For each template, a large part of this
region corresponds to positions where missing nucleosides have
been observed to enhance the formation of the open promoter
complex (24, 25).2 In both cases, the inhibition is the strongest

2J. R. Levin, J. J. Blake, R. A. Ganunis, and T. D. Tullius, unpub-
lished observations.
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Fic. 6. The effect of a missing nucleoside in the nontemplate
strand on escape from the promoter. Data for template 1 (A) and
template 3 (B) are shown. Data were treated as described under “Ex-
perimental Procedures.”

for gaps downstream and immediately upstream of the tran-
scription start site. For gaps in this region (-4 to +11 on
template 1 and —4 to +8 on template 3), we estimate that fewer
than 20% of EP_ complexes are able to form a stable ternary
complex. For gaps in the region upstream of this (~—13 to —5
on both templates), the inhibition is somewhat less severe
although still quite significant.

In addition to the region flanking the transcription start site,
removal of template strand nucleosides in the vicinity of the
—35 region of the promoter appeared to interfere with escape
from the promoter. This effect was more evident for template 1
(positions —32 and —33) than for template 3, where the gel
data contained significant noise in this region.

Removal of nucleosides at positions +19 to +23 of the tem-
plate strand on template 1 resulted in a modest inhibition of
ternary complex formation. No corresponding result was ob-
served on template 3, where if anything, removal of nucleosides
in a similar region (positions +19 to +24) caused a slight
enhancement of the ternary complex product. It should be
noted, however, that this region may lie downstream of the
enzyme’s leading edge in the template 3 A11 complex and thus
may have little bearing on the formation of that complex.

The results for the nontemplate strand for the two templates
also showed some qualitative similarities (Fig. 6). In each case,
removal of nucleosides in the —10 promoter consensus region
or the adjacent 3-5 nucleotides downstream (—13 to —4 on
template 1; —12 to —4 on template 3) resulted in a significant
decrease in promoter escape. In contrast, removal of nucleo-
sides immediately flanking the transcription start site (—1 to
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+5 on template 1 and —2 to +5 on template 3) in general
actually enhanced the production of stable ternary complexes.
Outside of the region encompassing the —10 promoter element
and transcription start site, the patterns for the two templates
were qualitatively different. Although removal of nucleosides
throughout the upstream region of template 1 caused varying
degrees of inhibition (with the exception of positions —38 and
—49), the corresponding region on template 3 showed minor
effects, with the exception of the spacer region (—18 to —15),
where removal of nucleosides modestly enhanced promoter es-
cape. Downstream of the transcription start site, template 1
showed significant inhibition when nucleoside +7 was re-
moved, mild inhibition in the region of +10 to +13, and mod-
erate enhancement of promoter escape with removal of nucleo-
sides in the region of +23 to +29. Template 3, on the other
hand, showed mild to moderate enhancement in the region of
+8 to +12 and significant enhancement when the nucleoside
removed was in the region of +13 to +16. It is perhaps note-
worthy that the downstream region of strongest enhancement
on each template (+23 to +29 on template 1 and +13 to +16 on
template 3) is in a similar position relative to the transcription
halt point in this experiment (position A20 for template 1 and
position A1l for template 3).

The region upstream of the promoter (~—40 to ~—60) on
template 1 is extremely A/T-rich (>85%) and marked by sev-
eral runs of four or more adenines. The corresponding region on
template 3 is somewhat less A/T-rich (~70%) and contains no
runs of more than three adenines. This region has been impli-
cated in affecting both promoter binding and subsequent tran-
scription through contacts with the « subunit of RNA polym-
erase (26-28). Although our data for this region were not
amenable to quantitation with GelExplorer, visual examina-
tion of line graphs of the gel data reveals some intriguing
differences between the two templates in this region. Signifi-
cant and periodic differences between the populations of
gapped molecules found in the EP nuc band and the ternary
complex band are observed for template 1 (Fig. 7), especially in
the vicinity of an A-tract found at positions —53 to —56, where
missing nucleosides severely interfere with promoter escape.
Removal of nucleosides in the same region of template 3 shows
only minor effects (data not shown).

Effect of Template Strand Gaps on Progress of the Initiating
Complex—A discontinuity in the template strand during tran-
scription would be expected to pose a challenge, if not a barrier,
to an elongating polymerase. It at first seemed surprising,
therefore, that there were several positions within the tran-
scribed region on the template strand of each template (Fig. 4;
positions +12 to +18 on template 1 and +9 to +11 on template
3) whose removal did not seem to impede the formation of a
stable ternary complex. Analysis of the RNA in the ternary
complex band for template 1 revealed only the expected A20
RNA (plus a small amount of readthrough A26) (data not
shown). Therefore, it seemed possible that the polymerase was
able to bypass discontinuities at these positions. Although by-
pass of template strand gaps by RNA polymerases has been
reported (29), it has not been found to occur at gaps flanked by
backbone phosphate ends, as would be a predominant product
of hydroxyl radical treatment (30). Alternatively, it was possi-
ble that gaps at these positions indeed posed a barrier to the
polymerase, but the halted complexes, with their truncated
transcripts, were stable to electrophoresis and had mobility
identical to the A20 complex. In this case we would assume that
the lack of detection of the truncated transcripts was due to the
small number of these particular gapped templates relative to
the remainder of the population that was capable of supporting
A20 production.
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TAAAAGATTA ATTTAAAATT TATCAARAAG AGTATTGACT
ATTTTCTAAT TAAATTTTAA ATAGTTTTTC TCATAACTGA

Fic. 7. A comparison of gaps represented in the open promoter
and the A20 complex in the upstream region of template 1. Line
scans of denaturing gel data for the template strand (A) and nontem-
plate strand (B) are shown. Light line, EP_nuc population; heavy line,
A20 population. To allow comparison of these line scans, the data were
normalized to the quantity of full-length DNA in each lane. The se-
quence of the upstream region is shown in (C).

That the latter case was true was determined by the follow-
ing experiment. We used synthetic oligonucleotides to con-
struct an artificial template 1 gapped specifically at position
+13 on the template strand and containing phosphate moieties
at the termini on either side of the single nucleoside gap.
Transcription of this template (referred to as the G13 template)
revealed that the gap indeed posed a barrier to the polymerase
such that a 12-nucleotide transcript was formed (Fig. 8, lane 7)
and that this 12-mer containing complex comigrated with the
A20 complex on a nondenaturing gel (Fig. 9, compare lanes 2
and 4; Fig. 8, lane 16). A small amount of gap bypass to produce
a 19-nucleotide RNA (under conditions for A20 synthesis) was
observed (Fig. 8, lanes 7 and 16); however, this could be attrib-
uted to a small proportion of oligonucleotides that had not been
successfully phosphorylated during synthesis. We infer that
the presence of templates gapped at positions +12 to +18 on
the template strand among the ternary complex population of
template 1 is primarily not due to gap bypass but indicates that
ternary complexes on this template containing RNAs as small
as 11 nucleotides are stable to electrophoresis.
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Fic. 8. Effect of specific gaps in the DNA template on tran-
scription. Shown is a phosphorimage of a denaturing polyacrylamide
gel on which was separated the RNA products of transcription. See
“Experimental Procedures” for experimental details. Lane 1, ladder;
lane 2, 3'-dGTP sequencing reaction; lane 3, 3'-dCTP sequencing reac-
tion; lane 4, 3'-dATP sequencing reaction; lane 5, A20 transcription
conditions with intact template; lane 6, run-off transcription conditions
with intact template; lane 7, A20 transcription conditions with G13
template; lane 8, run-off transcription conditions with G13 template;
lane 9, A20 transcription conditions with G10 template; lane 10, run-off
transcription conditions with G10 template; lanes 11-19, band shift
bands A-I (see Fig. 9); lane 20, intact template control; lane 21, template
G13 control; lane 22, template G10 control. The lengths of the tran-
scripts are indicated to the left of the gel image.

1 2 3 4 5 6
- - -

L]

open . ‘

promaoter ——s|A B' D E' G H
ternary — C B | .
complex

Fic. 9. Native gel electrophoresis of transcription complexes
on intact and gapped oligonucleotide templates. Both DNA and
RNA are radiolabeled. Lane 1, intact template plus RNA polymerase;
lane 2, intact template, A20 transcription conditions; lane 3, G13 tem-
plate plus RNA polymerase; lane 4, G13 template, A20 transcription
conditions; lane 5, G10 template plus RNA polymerase; lane 6, G10
template, A20 transcription conditions. The reactions shown in lanes 5,
7, and 9 of Fig. 8 were loaded in lanes 2, 4, and 6, respectively, of this
gel. Labeled bands A-I were excised and electrophoresed in lanes 11-19
of the gel in Fig. 8.

Interestingly, templates gapped at positions +9 through +11
of the template strand were represented significantly in the
ternary complex population for template 3 but not for template
1 (Fig. 5). We wished to determine whether templates gapped
at these positions supported incorporation of RNA nucleotides
up to the position immediately preceding the gap (as suggested
by the G13 template results above), producing a complex that
was unstable to electrophoresis (and hence not isolated with
the ternary complex population), or whether gaps at these
positions interfered with some earlier step of transcription. To
address this question, we used synthetic oligonucleotides to
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T TCATAACTGA ATTTCAGATT GGATATCCTA TGAATGTCGG TAGUTCTCCC TGTGCCGCTT ATCGGTAGGG

|

Fic. 10. Schematic summary of the
effects of missing nucleosides on pro-
moter escape on templates 1 and 3.
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NT GAGCTGTTGA CAATTAATCA TCGGCTCGTA TAATGTGTGG ATGGGCACCC ATCGTTCGTA ATGTTCCGTG
T CTCGACAACT GTTAATTAGT AGCCGAGCAT ATTACACACC TACCCGTGGG TAGCAAGCAT TACAAGGCAC
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construct an artificial template 1 gapped specifically at position
+10 on the template strand, again flanked by phosphate ter-
mini at the gap. Transcription and native gel electrophoresis of
this specifically gapped template (referred to as G10 template)
revealed that, as expected, no RNA-containing complex that
comigrated with ternary complexes on intact templates was
formed. Rather, the vast majority of DNA after transcription
comigrated with EP, complexes and lacked associated RNA
(Fig. 9, lane 6; Fig. 8, lane 18). Electrophoretic analysis of the
RNA produced during transcription of this template revealed
that the primary product, rather than the 9-nucleotide RNA
that might have been expected, was an RNA of 5 or 6 nucleo-
tides in length (Fig. 8, lane 9), which was produced in amounts
somewhat greater than abortive transcripts produced on the
intact or G13 templates. Therefore, complexes formed on the
G10 template, unlike those formed on the G13 template, were
unable to transcribe to a point that would have brought their
active site within one nucleotide of a template strand gap and
potentially allowed the complex to achieve the stable confor-
mation of an elongating complex. The contrast between tem-
plate 1 and template 3 in this respect underlines the impor-
tance of the promoter and/or initial transcribed sequence in the
process of promoter escape (see “Discussion”).

DISCUSSION

We have examined the effects of removing individual tem-
plate nucleosides on the transition of RNA polymerase from a
binary open promoter complex to a stable ternary elongation
complex. The results for the two templates analyzed (schema-
tized in Fig. 10) suggest some common features that may re-
flect the basic mechanism for this process, as well as some
differences that may help reveal the influence of nucleotide
sequence on the properties of individual promoters.

Perhaps the most obvious potential disruption to the tran-
scription process resulting from a discontinuity in the DNA is a
complete blockage of progress because of absence of a template
strand base in the active site of the enzyme. Our results are
consistent with previous reports that, at least when the gap is
flanked by phosphate moieties, E. coli RNA polymerase is
unable to bypass a single nucleoside gap in the template strand
(29). However, the position of the gap affected how close to the
gap the polymerase was able to approach. With a gap at posi-
tion +13 on template 1, transcription proceeded all the way to
the last available template base to produce a 12-nucleotide
transcript, and this halted complex had the electrophoretic
mobility of a mature elongating complex. In contrast, when the
template was gapped at position +10, the longest observed
RNA had a length of 5 or 6 nucleotides and was not stably
associated with the enzyme-DNA complex, and the enzyme-

-20 -10 +1 +10 +20 +30

DNA complex comigrated with an open promoter complex, im-
plying that o factor had not been released. These results sug-
gest that prior to o release (i.e. for complexes in the “abortive
initiation” phase of transcription), contacts with the template
strand downstream of the active site are critical to the progress
of the transcribing complex. Contacts upstream of the active
site may of course also be important for these complexes.
Within the transcribed region, however, we are unable to dis-
tinguish such effects because gaps are always encountered first
by the leading edge of the polymerase.

It has been observed (24, 25) that removal of nucleosides
from either strand of the DNA in the vicinity of the —10
consensus sequence enhances formation of the open promoter
complex. Presumably, gaps at these positions cause a decrease
in the free energy required to melt open the transcription
bubble that more than compensates for any loss of enzyme-
DNA contacts, thereby stabilizing the complex. Such stabiliza-
tion of the open promoter complex might be expected to inter-
fere with the process of promoter escape, because this requires
disruption of interactions at the promoter (6). Indeed, for both
templates studied, the region of the template strand in which
removal of nucleosides has the most deleterious effect on pro-
moter escape coincides with the region of enhanced EP, forma-
tion (—13 to +5). Whether this effect is solely due to stabiliza-
tion of the EP, complex or whether contacts at some of these
positions are actually required in the process of promoter es-
cape is unclear. Perhaps the fact that within the —13 to +5
region, the strongest interference with escape occurs with gaps
in the immediate vicinity of the start site (—4 to +5) suggests
that these nucleosides are involved in contacts in intermediate
complexes during the transition from abortive initiation to the
elongating mode, whereas the effect at the upstream positions
(=13 to —5) is only due to the above-mentioned EP,
stabilization.

On the nontemplate strand, both templates also displayed
reduced promoter escape when gapped at some, but not all, of
the positions that enhance promoter binding (—6 to —3). (Note
that the region of enhanced promoter binding does not extend
into the —10 consensus region on the nontemplate strand of
template 32; this presumably reflects the requirement for non-
template strand contacts in this region in the open complex
(31)). Surprisingly, gaps in the remainder of this region (—2 to
+5) resulted in enhanced formation of a stable ternary com-
plex. Roberts and co-workers (32) have observed pausing of
RNA polymerase early in the transcribed region of the A pR’
promoter that is attributed to movement of o away from its
initial contacts with the nontemplate strand in the —10 region
to new contacts at similar sequences in the transcribed region.
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If such contacts were to occur early in the initial transcribed
region such that they interfered with the transition from an
abortive to an elongating complex, then perhaps removal of the
nucleosides responsible for these interactions could favor pro-
moter escape. However, the closest match to the —10 consensus
found in this region is a 2/6 fit from positions —3 to +3 for
template 3, and a 2/6 fit from positions —1 to +5 for template
1. An alternative explanation might be that gaps in this region
provide greater DNA flexibility, making the conformational
changes necessary for promoter escape more favorable. If not
for the obvious deleterious effect of a discontinuity in the tem-
plate strand, gaps in the template strand in this region might
also enhance escape. It is noteworthy that the nontemplate
strand is important for lateral stability of elongating complexes
(33); perhaps the flexibility in complex positioning caused by
removal of contacts between the enzyme and the nontemplate
strand is favorable for the process of promoter escape. Yet
another possibility is that, in an effect analogous to the stabi-
lizing of the open complex by gaps in the promoter melting
region, gaps in the early transcribed region might stabilize an
intermediate in promoter escape by favoring the melted form of
the DNA. In such a view, reformation of duplex DNA in this
region might expel short RNA and reset the open complex,
thereby promoting abortive initiation. Again, though, the del-
eterious effects of gaps in the template strand argue for a
dominant effect of templating over the role of DNA stability in
the early transcribed region.

Although gaps that stabilize the open complex might inter-
fere with promoter escape, gaps that remove important con-
tacts in the open complex could be envisioned to have either a
positive or a negative effect. If a protein-DNA contact provides
binding energy to stabilize the complex but plays no functional
role in subsequent events, then removal of that contact might
enhance escape from the promoter. On the other hand, if a
contact in the EP_ complex plays a role in a subsequent con-
formational change, lack of that contact may prevent the com-
plex from functioning. Nucleosides on the nontemplate strand
in the —10 consensus region of template 3 and on the template
strand in the —35 region of both templates, may fall in this
category. Because o contacts both the —10 and —35 regions in
the open complex (34), it is reasonable to expect that both of
these regions could play a role in subsequent rearrangements
of the complex and/or the exit of o from the complex.

The notion that stabilization of the open promoter complex is
counterproductive to the initiation process may be relevant to
our observations in the region upstream of the —35 region of
template 1. The region from —39 to —59 on template 1 contains
an 8/9 and a 10/12 fit, respectively, to the proximal and distal
subsites of the “UP” element consensus sequence defined re-
cently by Estrem et al. (35), with the subsites positioned nearly
identically to those observed by Estrem et al. The UP element
has been implicated as a third promoter recognition element in
some promoters whose strengths do not correlate solely with
their homologies to the —10 and —35 core recognition elements
(26); the T7 Al promoter found on template 1 is one such
promoter (36). There is substantial evidence that DNA up-
stream of the —35 element wraps around the enzyme (37-39)
and that this wrapping may be facilitated by contacts in this
region with the « subunit (28). Removal of nucleosides in this
region of template 1 interfered significantly with promoter
escape. Perhaps the increased flexibility of DNA gapped in this
region caused a stabilization of the EP, complex, thereby in-
terfering with subsequent events. This would be consistent
with the proposal by Rivetti et al. (39) that the energy cost of
wrapping the upstream DNA around the enzyme during pro-
moter binding is actually important to allow subsequent pro-
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moter escape. Alternatively, perhaps the removal of an impor-
tant enzyme-DNA contact in this region prevented a
subsequent isomerization event. In either case, these results
reveal an important difference between templates 1 and 3 and
will be important to pursue to further elucidate the role of the
« subunit in promoter binding and escape.

What about the role of nucleosides at the downstream edge of
the advancing polymerase? As noted above, our results with
singly gapped template 1 molecules suggest that interactions
with the template strand downstream of the active site may be
important for promoter escape. In this region we again noted
significant differences in the behavior of the two templates
studied. Although templates gapped at positions +9, +10, and
+11 on the template strand were poorly represented in the
ternary complex population with template 1, template 3 mole-
cules gapped at these positions were well represented in the
ternary complex band, implying that o factor had been lost
from these complexes. Krummel and Chamberlin (1) showed
that with template 3, o is still present in complexes that have
transcribed to position 7 but is released after incorporation of
the 8" or 9" nucleotide. Our results therefore imply that for
template 3, the polymerase active site is able to progress to
position 8 and undergo o loss even when the template strand is
gapped one nucleotide downstream at position 9. On template
1, in contrast, a continuous template strand out to position 11
is required for o release. This result adds to the considerable
evidence that sequences in the initial transcribed region as well
as the promoter region itself influence the properties of the
initial transcribing complex (1, 5, 7). It has been suggested (7,
40) that the nucleotide sequence in the initial transcribed re-
gion plays a role in keeping the polymerase active site in
register with the 3’ end of the nascent transcript and that
release of abortive transcripts is triggered by a backsliding of
the active site. Our results would predict that interactions with
the template strand immediately downstream of the active site
play an important role in this process.

The strength of the experimental approach reported here is
in the ability to screen, simultaneously, a large number of
template positions for interesting roles in the dynamic process
of transcription initiation. Because the transition from open
promoter complex to the final complex studied here is a multi-
step process, we cannot be sure at which step any particular
nucleoside gap exerts its effect; rather, we refer to an effect on
the composite process, calling it “promoter escape.” Further-
more, because the criterion used to define promoter escape in
these experiments is based on a change in electrophoretic mo-
bility of an enzyme-DNA complex rather than a functional
definition, the properties of the final complexes in the “ternary
complex” band are likely not uniform. Indeed, it is clear that
this population includes not only ternary complexes with the
expected 20 nucleotide transcript (for template 1) but also
complexes halted at earlier positions because of gaps in the
template strand and perhaps even complexes that have lost o
factor but whose transcripts are not stably associated. Because
of these limitations, the effects identified here must be viewed
as a starting point for more detailed studies focusing on specific
template positions. Templates mutated or specifically gapped
at positions of interest must be constructed and characterized
structurally and functionally to elucidate the mechanisms ac-
counting for the effects observed here.
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