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Using singly gapped or nicked templates containing the T7A1
promoter, we have measured several kinetic parameters related
to the process of transcription initiation by Escherichia coli RNA
polymerase, confirming and extending previous results using a
population of randomly gapped templates. A reduced probabil-
ity of transcript abortion at RNA lengths of 6 and 7 nucleotides
and a lower ratio of abortive to productive initiation events was
observed for some discontinuous templates, consistent with
models attributing abortive initiation to the accumulation of
strain in the initiating complex. The effect of DNA discontinuity
on abortion of shorter RNA transcripts (2—3 nucleotides) was
less pronounced; abortion at these short chain lengths may pri-
marily be attributed to the low stability of the RNA-DNA hybrid.
Certain discontinuities had significant effects on the intrinsic
catalytic capacity of the open complex and also on the partition-
ing between productive and unproductive complexes, suggest-
ing that subtle changes in the conformation of the open complex
can profoundly affect its function. The rate and efficiency of
promoter escape were not correlated with the stability of the
open promoter complex despite previous suggestions to the
contrary. We conclude that the stability of the open promoter
complex is only one of several factors that contribute to the
overall rate of promoter escape.

Transcription, the DNA-directed synthesis of RNA, is the
first and central step of gene expression and regulation. To
begin transcription, RNA polymerase must locate a promoter
site on the DNA and bind sequence specifically to form an open
promoter complex (EP,) poised to begin RNA synthesis. The
process of RNA chain initiation and promoter escape achieves
the conversion of the open promoter complex into a stably
elongating complex, which transcribes processively until
reaching a termination signal in the DNA template.

A phenomenon known as abortive initiation accompanies
RNA chain initiation. Abortive initiation appears to be a uni-
versally conserved process among all RNA polymerases that
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have been studied in vitro (for review, see Ref. 1). In this process
RNA polymerase undergoes multiple rounds of synthesis of
short oligonucleotides immediately after the start of transcrip-
tion while maintaining contact with the promoter region.
Structural studies on initial transcribing complexes (ITCs)* of
Escherichia coli RNA polymerase bearing 5-8-nt transcripts
revealed that they have identical footprints of 70—80 bp (2),
slightly larger than that observed for the open promoter
complex.

Abortive initiation by bacterial RNA polymerases typically
ceases once the RNA chain reaches ~10 nucleotide residues
(with the length varying at different promoters) (2, 3). At this
point RNA polymerase extends its footprint downstream, relin-
quishes many upstream contacts with the promoter, and either
ejects the o factor or retains it with lower affinity than in the
ITC (4,5). The result is a reduction in the size of the footprint to
35—40 bp. This physical movement of RNA polymerase away
from the promoter is referred to as promoter escape. Upon
promoter escape, the polymerase achieves the stability and pro-
cessivity that are the hallmarks of the mature elongation
complex.

Abortive initiation and promoter escape comprise a complex
series of events whose properties vary from promoter to pro-
moter and depend on DNA sequences in the promoter recog-
nition region as well as the initial transcribed region (6). To
explain the differences that have been observed in initiation
behavior between promoters, biochemical and structural fea-
tures of the relevant transcription complexes must be consid-
ered. For example, the necessity of breaking contacts between
RNA polymerase and the promoter in order to complete the
transition to stable elongation has led to the suggestion that
unusually strong protein-DNA interactions in the promoter
complex may interfere with promoter escape. This prediction
has been supported by a number of experimental observations
(1, 7, 8). Different promoter complexes may also vary in the
conformation of the polymerase’s active site in ways that affect
the inherent capacity for catalyzing the synthesis of the initial
phosphodiester bond in the RNA transcript (9). Furthermore, it
is becoming increasingly apparent (10, 11) that two distinct
types of open promoter complex can be formed at a given pro-
moter, one that is capable of promoter escape (and therefore,

2 The abbreviations used are: ITC, initial transcribing complex; APR, ratio of
abortive to productive transcription; EP,, open promoter complex; ITS, ini-
tial transcribed sequence; RNAP, E. coli RNA polymerase; TEC, ternary elon-
gating complex; nt, nucleotide(s).
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productive synthesis) and one that is not, and that the relative
proportions of these two types of complexes varies from pro-
moter to promoter.

In previous work (12) we explored the roles of specific tem-
plate nucleosides in the process of promoter escape by E. coli
RNA polymerase at the T7 A1 promoter. This study used tem-
plate populations containing random gaps (“missing nucleo-
sides”) that had been generated by hydroxyl radical treatment
of the DNA template (13). RNA polymerase was allowed to bind
to the gapped templates and then was challenged to initiate
transcription and form a stable ternary elongation complex
(TEC) in the presence of a limited set of nucleotide substrates.
Using native gel electrophoresis, TECs were separated from
complexes that retained the mobility of an open promoter com-
plex. The resulting populations of gapped DNA were examined
by denaturing gel electrophoresis to determine the effect of
particular single-nucleoside gaps on the partitioning between
these two types of complexes (summarized in Fig. 1).

The missing nucleoside technique has traditionally been
used to study the effects of removal of particular DNA nucleo-
sides on static protein-DNA interactions. The use of this tech-
nique to study transcription initiation and promoter escape
adds an important dimension, as the polymerase must move
relative to the DNA during these processes and is thought to do
so by reeling downstream DNA into itself by a “scrunching”
mechanism (6, 14, 15). By affecting the flexibility of the DNA
and thereby the amount of strain that is accumulated during
this putative scrunching process, a missing nucleoside in the
DNA template or nontemplate strand may have effects on ini-
tiation and promoter escape that relate more to the physical
discontinuity in the DNA than to the loss of interactions due to
a missing nucleoside. Such information may be revealing in
terms of our understanding of these processes.

As a result of the missing nucleoside study we identified sev-
eral template positions that affect promoter escape. The tran-
sition from the open promoter complex to the TEC is a multi-
step process though, and our previous experiments provided no
information on which step is affected by a particular nucleoside
gap. We now have constructed templates that are specifically
gapped at positions of interest for the promoter escape process.
Here we characterize transcription initiation on these tem-
plates to elucidate in more detail the mechanisms accounting
for the effects of discontinuous templates on transcription that
we observed in our previous study.

EXPERIMENTAL PROCEDURES

RNA Polymerase—E. coli RNA polymerase (RNAP) with a
His, tag at the C terminus of the 8’ subunit was purified from
strain RL712 (R. Landick) by the method of Uptain (16). The
preparations we used contained ~35-50% active molecules,
assayed as described (17).

DNA Templates—Templates used in these experiments con-
tained the T7A1 promoter for RNA polymerase binding and
transcription initiation. Gapped or nicked templates were gen-
erated by annealing three oligonucleotides as described (12).
Chemically synthesized oligonucleotides were purchased from
Gene Link (Hawthorne, NY). NT-60+40 and T-60+40 refer to
the nontemplate and the template strands spanning positions

26918 JOURNAL OF BIOLOGICAL CHEMISTRY

—60 to +40 relative to the transcription start site of + 1, respec-
tively, of plasmid pAR1707 (18) (Fig. 1C). An intact control
DNA template was constructed by annealing NT-60+40 with
T-60+40. Shorter oligonucleotides used for construction of
singly nicked or gapped templates were complementary to part
of the 100-mer NT-60+40 or 100-mer T-60+40. For singly
gapped templates, oligonucleotide termini flanking the gap
were phosphorylated; for nicked templates, a 3" hydroxyl and a
5’ phosphate flanked the nick. For templates containing a gap in
the UP element (19), the upstream end of the template
extended to position —70 on both DNA strands. Annealing
reactions were carried out as previously described (12) followed
by purification of the annealed templates on a 12% native poly-
acrylamide gel. Template nomenclature is as follows, g for
gapped or n for nicked followed by the strand (T for template
strand, NT for nontemplate strand) containing the discontinu-
ity followed by the position of the discontinuity relative to the
start site (+1) of transcription. For gapped templates, the posi-
tion of the discontinuity refers to the nucleotide that is missing
in that template. For nicked templates nNT-3, nNT-10, and
nNT+1, the nick was positioned 3’ to the indicated nucleotide;
for nicked templates nT-3 and nT-10, the nick was positioned
5’ to the indicated nucleotide.

Electrophoretic Mobility Shift Assay of EP, Stability—Open
promoter complexes were allowed to form by mixing 10 nm
RNA polymerase with 4 nm DNA template for 10 min at 37 °C
in a buffer consisting of 44 mm Tris (pH 8), 100 mm KCl, 14 mm
MgCl,, 14 mm 2-mercaptoethanol, 20 mm NaCl, 0.5% glycerol,
and 40 ug/ml acetylated bovine serum albumin. Before the
addition of RNAP, a 5-ul aliquot was removed to serve as a free
DNA control sample. After formation, the open promoter com-
plex was challenged by adding 50 pg/ml heparin. After EP_
formation and at various times after heparin addition, a 5-ul
aliquot of the reaction mixture was removed and mixed with
sucrose loading buffer (60% sucrose, 0.01% bromphenol
blue, 0.01% xylene cyanol) and immediately loaded onto a
running native 5% polyacrylamide gel (acrylamide to bisac-
rylamide ratio of 37.5:1) at 20 °C. The gel was run at 250 V for
1.5 h until the bromphenol blue dye reached the bottom of
the gel. The gel was dried and imaged using a GE Healthcare
Storm PhosphorImager.

Single-round Run-off RNA Synthesis Assay—EP, stability also
was assayed by quantitation of single-round run-off RNA syn-
thesized by EP, at various times after heparin challenge. Open
promoter complexes were prepared and challenged with hepa-
rin, as described above. At various times after heparin addition,
transcription was initiated by adding a substrate mixture con-
taining 50 um each of [y->*P]JATP (750 cpm/pmol), CTP, UTP,
and GTP. After incubating for 5 min at 37 °C, transcription was
stopped by the addition of an equal volume of formamide load-
ing buffer (80% (v/v) deionized formamide, 50 mm Tris, 50 mM
boric acid, 1 mM EDTA, 0.1% (w/v) xylene cyanol, 0.1% (w/v)
bromphenol blue). 5'-Radiolabeled RNA was analyzed by elec-
trophoresis on a denaturing 23% polyacrylamide gel (19:1 acryl-
amide: bisacrylamide, 7 M urea). The gel was run at 65 watts for
4.5 h using a salt gradient buffer system (20) until the xylene
cyanol dye migrated 19 cm in the gel. The gel was dried and
phosphorimaged.
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FIGURE 1. Missing nucleoside analysis of escape from the T7 A1 promoter. A and B, upon the addition of nucleotides, partitioning of EP, complexes
between stable ternary A20 complexes and complexes remaining at the promoter was compared for templates containing single-nucleoside gaps at each
possible template position. The length of the bar corresponds to the effect of removal of that nucleoside on the formation of the stable elongation complex
relative to an intact template. Negative values, inhibition of promoter escape; positive values, enhancement of promoter escape; gray bars, nucleotide positions
studied in the present work. Data for this figure were taken from Levin et al. (12). C, DNA sequence from position —70 to +30 of the template, derived from

plasmid pAR1707 (18). NT, non-template strand; T, template strand.

Dinucleotide Synthesis Assay—The intrinsic initiation rate
and the fraction of unproductive complexes were measured
using a pppApU synthesis assay as described by Vo et al. (11)
with some modifications. Magnetic Ni*" -nitrilotriacetic acid-
agarose beads (Qiagen) were prewashed 3 times in washing
buffer (44 mm Tris'HCI (pH 8), 14 mm MgCl,, 14 mMm B-mer-
captoethanol). His-tagged RNA polymerase (10 nm) and DNA
template (4 nm) were incubated with Ni*" -nitrilotriacetic acid
beads for 15 min at 37 °C. Partitioning of open promoter com-
plexes into halted ternary elongation complexes and unproduc-
tive complexes was carried out by the addition of an initiation
mixture containing 100 uM each of ATP, CTP, GTP, and ApU.
After 10 min at 37 °C, free nucleotides were removed by four
washes with washing buffer. Synthesis of the pppApU dinucle-
otide was then initiated by adding a mixture of 200 um ATP and
50 uMm [a->*P]JUTP (400 cpm/pmol). At various time intervals,
samples were removed, mixed with an equal volume of form-
amide loading buffer, and subsequently analyzed by electro-
phoresis on a 23% denaturing gel (19:1 acrylamide:bisacrylam-
ide). To assay the total rate of pppApU synthesis (from
productive and unproductive transcription complexes), the
same procedure as described above was followed but without
nucleotides present during the “partitioning” process. The frac-
tion of unproductive complex was derived by taking the ratio of
the rates of pppApU synthesis by unproductive initiation com-
plexes versus total initiation complexes.

Steady State Transcription Reactions—RNA polymerase (2
pmol) and DNA (3 pmol) were preincubated for 5 min at 37 °C
in 40 ul of a buffer containing 190 mm KCl, 50 mm Tris*HCI (pH
8), 10 mm MgCl,, 10 mM B-mercaptoethanol, and 10 ug/ml
acetylated bovine serum albumin. Reactions were initiated by
adding a mixture of 50 um [y->’P]JATP (14 cpm/fmol), GTP,
CTP, and UTP. At various time intervals aliquots were removed
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and mixed with an equal amount of formamide loading buffer
and subsequently analyzed by electrophoresis on a 23% dena-
turing gel (19:1 acrylamide:bisacrylamide). The steady state
parameters described by Hsu and coworkers (21, 22) were
derived from these data. The abortive rate is the sum of the rates
of synthesis of all abortive transcripts (from 2 to 9 nt long on
these templates). The productive rate is the rate of synthesis of
all productive RNA molecules. The abortive probability,
defined as the probability that a transcript will abort rather than
extend to the next position, can be calculated using the follow-
ing equation (21), where P; is the probability of aborting tran-
scription at the ith position, and X; is the percent yield of tran-
script at the ith position at the 10-min time point.

X 100%

i—1

P = (Eq. 1)

100% — >, X;

2

RESULTS

Steady State Transcriptional Analysis of Specifically Gapped
Templates—The results of our previous missing nucleoside
analysis for both strands of the T7A1 promoter and its initial
transcribed region (12) are summarized in Fig. 1. This figure
depicts the ability of open promoter complexes formed on tem-
plates gapped at various nucleoside positions in comparison to
those formed on an intact template to escape the promoter and
form a stable TEC. Negative values represent gaps that interfere
with promoter escape; positive values denote gaps that enhance
escape.

We chose gaps at positions —3 and —10 (both template and
nontemplate strands) and +1 (nontemplate strand) for
in-depth study as representatives of two classes of gaps, those
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that interfere with and those that enhance promoter escape.
Gray bars in the histograms shown in Fig. 1 indicate these posi-
tions. We also chose for analysis two gaps in the UP element
region (19) that strongly interfere with promoter escape, —53
on the nontemplate strand and —55 on the template strand (not
shown in Fig. 1).

Templates were assembled from sets of three oligonucleo-
tides, one intact strand spanning the region from —60 to +40
relative to the T7 Al promoter (Fig. 1C; templates for the —53
and —55 UP element gap positions extended to —70) and two
segments of the other strand spanning the same region and
flanking the desired nucleoside gap position. Oligonucleotide
termini flanking the gap were phosphorylated to mimic the pre-
dominant product of hydroxyl radical treatment, i.e. a missing
nucleoside flanked by phosphate groups (23). These templates
were then used in steady state transcription assays to measure sev-
eral parameters that characterize the process of RNA chain initia-
tion and promoter escape (22). These experiments involve the
visualization and quantitation of abortive and productive tran-
scripts that accumulate over time in multiple rounds of transcrip-
tion under steady state conditions.

The pattern of RNA species produced during steady state
transcription displayed distinct characteristics for each
gapped template despite all of these templates having been
derived from the same intact nucleotide sequence. This is
visually evident in the gel electrophoretic patterns of the
RNA products (Fig. 2A) and is confirmed in the quantitative
parameters that were derived from these patterns (Fig. 2B
and Table 1). The rate of abortive synthesis varied over a
15-fold range among the gapped templates, with the highest
rate being only one-third that observed for the intact tem-
plate. The rate of productive synthesis varied over more than
a 100-fold range, with only the gNT +1 template (see “Exper-
imental Procedures” for template nomenclature) having a
rate higher than the intact template. It is notable that of the
templates we chose to investigate, only this one showed
enhanced TEC formation in the previous study (12). The
ratio of abortive to productive transcription (APR) varied
over an ~15-fold range (Table 1); here it is notable that
whereas three of the gapped templates (gNT-3, gNT-10, and
gNT+1) showed a higher efficiency of promoter escape (as
measured by a low value of APR) than the intact template
under these steady state conditions, only one of these
(gNT+1) had a positive effect in the previous study (12) (see
Fig. 14).

The distribution of the lengths of the abortive products
(the abortive profile) varied widely among the templates
(Fig. 2, A and B; note that the abortive profile reflects the
probability of aborting at each successive template position
and, therefore, does not necessarily mirror the intensity of a
product band; see Hsu (21) for a discussion of this parame-
ter). All templates showed the greatest abortive probability
after synthesis of dinucleotide- and trinucleotide-length
transcripts (Fig. 2B). The greatest variation among templates
was in the probability of aborting transcripts in the 4-7-
nucleotide size range. Vo et al. (1) suggest that most promot-
ers pose two significant barriers to escape by RNA polymer-
ase, one at 2—4 nucleotides and a second at 6 -9 nucleotides.

26920 JOURNAL OF BIOLOGICAL CHEMISTRY

In agreement with this pattern, the intact T7 A1l template
showed the highest abortive probability at positions 2, 3, 6,
and 7. Comparing the behavior of the gapped templates to
the intact template at these barriers (see Table 1), gNT-3 has
slightly reduced abortive probability at the 2-3 barrier,
whereas gT-3 has significantly higher abortive probability at
this barrier. At the 6-7 barrier, templates gNT-3, gT-3,
gNT-10, and gNT+1 all have lower abortive probabilities
than the intact template, whereas gNT-53 has high abortive
probability (in fact throughout the 4 -7 nucleotide range).
Only template gT-10 had an abortive probability profile that
resembled that of intact template, although it had slightly
reduced abortive probability at the 6 -7 barrier.

Percentage of Unproductive Complexes Varies among
Gapped Templates—We set out to measure for each gapped
template the fraction of binary complexes that was capable of
productive RNA synthesis. We used the method described by
Vo et al. (11) in which only the first two nucleotide substrates,
ATP and UTP, are provided. The rate of dinucleotide syn-
thesis in the total RNA polymerase population is compared
with that in a population in which only unproductive com-
plexes are capable of dinucleotide synthesis because produc-
tive complexes have been allowed to transcribe out to tem-
plate position 20 in the presence of a limited set of unlabeled
nucleotide substrates.

We see two distinct and independent types of effect (Fig. 3,
Table 1). Results of the dinucleotide synthesis assay for the
intact template and for one gapped template, gT-10, are
shown in Fig. 3. First, some templates have a significantly
lower rate of overall dinucleotide synthesis than the intact
template. This effect is greater for gaps on the template
strand than on the nontemplate strand (compare gT-3 to
gNT-3and gT-10 to gNT-10) and is most profound when the
gap is very close to the transcription start site (i.e. gT-3 has a
20-fold reduced dinucleotide synthesis rate compared with
intact template). Only one gapped template (gNT+1) had a
dinucleotide synthesis rate significantly higher than the
intact template. Hydroxyl radical footprinting of the open
promoter complex on this template suggests that the region
near the start of transcription on the template strand is more
solvent-accessible in this complex than in the complex with
intact template (data not shown). Second, some gapped tem-
plates (gT-3, gT-10, gNT-53, gT-55) generate a noticeably
higher proportion of unproductive complexes than the
intact template. Among the gapped templates studied, only
gNT+1 makes a lower proportion of unproductive com-
plexes (which is already quite low, 4%, for the intact tem-
plate); again, it is interesting to note that this template was
the only one in the group that displayed enhanced TEC for-
mation in our previous missing nucleoside experiment (12)
(see Fig. 1).

EP, Stability Varies among Templates but Does Not Necessar-
ily Correlate with Promoter Escape Efficiency—We used two
methods to measure the stability of the open promoter com-
plexes formed on the gapped templates, one that directly
observed binary complexes by native gel electrophoresis (24)
and one that indirectly quantitated these complexes by meas-
uring their capacity for run-off transcription (25) at various
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FIGURE 2. Steady state transcription assay. A, transcription reactions containing the indicated DNA template, RNA polymerase, and all four nucleoside
triphosphate substrates were incubated at 37 °C for varying times as indicated. RNA transcripts were analyzed by electrophoresis on a 23% denaturing
polyacrylamide gel. Abortive RNAs are represented by a letter-number combination, where the number indicates the length of the RNA in nucleotides, and the
letter is the identity of the 3’-terminal nucleotide. Template nomenclature is described under “Experimental Procedures.” Identities of abortive products were
deduced from parallel steady state transcription reactions on the intact template in which 1 of the 4 nucleotides (1 um) was depleted relative to the other 3 (50
uM each). This led in each case to alteration of the abortive pattern consistent with enhancement of products aborted prior to addition of the depleted
nucleotide, based on the known template sequence. B, abortive probability profiles of transcripts from gapped templates. The abortive probability at each
position in the initial transcribed region (/ITR) was calculated as described under “Experimental Procedures.” Dashed line (# ), intact template. Solid lines: A,
gNT-3; A, gT-3; ], gNT-10; B, gT-10; O, gNT-53; @, gNT+ 1. The 2/3 and 6/7 barriers defined by Vo et al. (1) are indicated by gray boxes.
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TABLE 1
Kinetic parameters for transcription of nicked and gapped templates

Entries for nicked templates are in bold. Abortive rate, the rate of synthesis of all abortive transcripts (from 2 to 9 nt long). Productive rate, the rate of synthesis of all
productive RNA transcripts. 2—3 barrier and 6 —7 barrier, the combined probability of aborting transcription at position 2 or 3 or at position 6 or 7, respectively. Abortive
probabilities at individual template positions were calculated as described under “Experimental Procedures.” pppApU, the intrinsic rate of formation of the first phos-
phodiester bond of the RNA transcript as measured by dinucleotide synthesis (see “Experimental Procedures” and Fig. 3). % unproductive, percentage of unproductive
complexes as measured by dinucleotide synthesis after partitioning of productive and unproductive complexes (see “Experimental Procedures” and Fig. 3). ti, the half-life
of EP_ as measured by electrophoretic mobility shift after heparin challenge (see “Experimental Procedures” and Fig. 4).

Template Abortive rate Productive rate APR 2-3 Barrier  6-7 Barrier pppApU % Unproductive ty,
fmol of RNA/polymerase  fimol of RNA/polymerase  abortive rate/ % % fmol of RNA/polymerase min
moleculesh moleculesh productive rate moleculesh
Intact 260 * 30 8§+2 3010 85*5 56 + 4 1700 = 150 4=*1 <5
gNT+1 83+ 12 12*3 7*x2 81*x2 14*1 3230 = 130 2+1 >60
nNT+1 49 =4 9+1 61 693 13x1 2200 = 190 3x1 8
gNT-3 20+ 2 31+02 7*x1 73*5 19*2 1040 = 160 6+2 >30
nNT-3 14 £2 1.6 £ 0.2 9+2 87 x5 213 370 £ 40 102 15
gT-3 7*x1 0.07 = 0.01 100 = 20 97 +3 0 80 £ 20 16 = 4 >60
nT-3 61 0.33 = 0.04 18+3 933 102 250 =90 6*2 4
gNT-10 24+ 2 24 *0.3 101 82+3 20+ 3 900 * 140 5*x1 5
nNT-10 17 = 4 1+0.1 16 = 4 88 x4 224 890 = 130 3x1 <5
gT-10 6+1 0.16 = 0.03 30+ 10 89+3 44 * 4 180 = 40 133 10
nT-10 7x1 0.30 = 0.10 27 x4 893 34x4 160 = 40 5*x1 <5
gNT-53 9+2 0.11 = 0.02 80 £ 20 86+ 6 70 =5 140 £ 40 13+5 <5
gT-55 585 0.7*0.1 80+ 10 89*+6 68+ 6 390 * 40 16 =3 <5
A gT-10 Intact 1008
unproductive total unproductive total
time (min) 5 1015 2030 5 1015 2030 5 1015 2030 5 1015 20 30

-
- e e

’-‘-000----

PrpAeU g -ecee
O s .
B
0.8 -
gT-10
- 0.7 4 ]
S 0.6 A
£ os] i
2 047 -
< 03
& 0.2 u Y ¢ * ¢
a °
0.1 A
0 T T T T T T 1
0 5 10 15 20 25 30 35
time (min)
871 intact o
74
S 64
D 4
< 8- ¢
< °
g 2
14 °
0 A A A A . A .
0 5 10 15 20 25 30 35
time (min)

FIGURE 3. Dinucleotide synthesis assay to estimate the total “intrinsic”
initiation rate and the percentage of unproductive transcription com-
plexes. The dinucleotide assay was performed on the intact and gT-10 tem-
plates as described under “Experimental Procedures.” Unproductive, pppApU
synthesis by complexes that failed to escape from the promoter in the
presence of 100 um ApU, ATP, CTP, and GTP. Total, pppApU synthesis by
the total number of EP, complexes in the reaction. A, gel image of data for
the gT-10 and intact templates. B, gT-10 template. l, total; 4, unproduc-
tive. C, intact template. @, total; A, unproductive. The amount of pppApU
produced is plotted versus the time of the transcription reaction. Note the
different scales for the y axes in the two plots. The total rate is regarded as
the intrinsic rate. The fraction of unproductive complex (4 = 1% for intact;
13 = 3% for gT-10) was derived by taking the ratio of the rate of pppApU
synthesis by the unproductive initiation complexes to the rate for the total
initiation complexes. Data obtained in this manner for all templates are
compiled in Table 1.
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FIGURE 4. Assay of EP,, stability by electrophoretic mobility shift of com-
plexes at various times after heparin challenge. Percent of EP_ remaining
is plotted as a function of time after addition of 50 ug/ml heparin. 10 nm RNAP
was added to 4 nm DNA template to form the EP, complex. Dashed line (),
intact template. Solid lines: A, gNT-3; A, gT-3; ], gNT-10; B, gT-10; O, gNT-53;
@, gNT+1.

times after a heparin challenge. Results were similar using the
two methods.

Data obtained using the native gel electrophoresis method
are shown in Fig. 4 and Table 1. Of the gapped templates, only
gNT-53 and gT-55 supported formation of complexes whose
stability (£, < 5 min) was in the same range as those formed on
the intact template. Other gapped templates (gNT-10, gT-10)
formed complexes that were somewhat more stable than those
on the intact template. Open promoter complexes formed on
three of the gapped templates (gNT+1, gNT-3, gT-3) were
greatly stabilized relative to complexes formed on the intact
template. Interestingly, these latter three templates did not all
exhibit a high value for the APR as might be expected. Rather,
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gNT+1 and gNT-3 both had APR values lower than the intact
template; furthermore, gNT+1 had a productive rate slightly
higher than the intact template and showed significantly
enhanced TEC formation in the missing nucleoside experiment
(12).

Resolving the Effect of a Template Discontinuity from the
Effect of a Missing Nucleoside—The differences in behavior
between an intact template and a template containing a single
nucleoside gap could result from the physical discontinuity in
the DNA strand, from the lack of the nucleoside moiety, or from
a combination of these effects. To resolve these possible effects,
we constructed a second set of templates that had nicks in place
of nucleoside gaps. The behavior of the nicked templates in the
various experimental procedures is compared with that of the
intact and gapped templates in Table 1.

The most consistent relationship in behavior between nicked
and gapped templates was in the stability of the open promoter
complex (EP,). A nick in the nontemplate strand at position +1
or —3 stabilized the complex (templates nNT+1 and nNT-3),
whereas nicks at other positions studied had little effect on EP
stability relative to complexes formed with intact DNA tem-
plates. In all cases, however, introduction of a nucleoside gap
further stabilized the complex relative to the corresponding
nicked template.

Introduction of a nick into the DNA had varying effects on
the rate of dinucleotide synthesis. This rate was substantially
decreased relative to the intact template for template nT-10,
decreased for templates nNT-10, nNT-3, and nT-3, and
increased for template nNT+1. Introduction of a nucleoside
gap in some cases caused no change in dinucleotide synthesis
rate relative to the corresponding nicked complex (nNT-10 ver-
sus gNT-10, n'T-10 versus gT-10), suggesting that the effect on
dinucleotide synthesis was largely due to template discontinu-
ity. In other cases the missing nucleoside enhanced the effect
seen with the nicked template (nNT+1 versus gNT+1, nT-3
versus gT-3). In one case (nNT-3 versus gNT-3), the dinucle-
otide synthesis rate on the gapped template was intermediate
between the rates on the intact and nicked template, suggesting
that the missing nucleoside had an opposing effect to that of the
nick.

A nick in the DNA at position —3 on either the template or
nontemplate strand caused a slight increase in the percentage
of unproductive complexes formed compared with the intact
template. At the other positions studied a nick had little effect
on this parameter. It is notable that although introduction of a
gap at position —3 on the template strand (template gT-3) fur-
ther increased the proportion of unproductive complexes rela-
tive to the nicked template (nT-3), introduction of a gap in the
nontemplate strand at this position (gNT-3 versus nNT-3)
slightly decreased this proportion. The large percentage of unpro-
ductive complexes formed on the gT-3 template (relative to the
intact template), therefore, is partially due to the missing nucleo-
side itself rather than just to the discontinuity in the DNA. The
high proportion of unproductive complexes on the gT-10 tem-
plate similarly seems to be due to the lack of the nucleoside moiety.
A gap at NT-3, in contrast, seems to promote the formation of
productive complexes.
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In all cases the rate of abortive transcription under steady
state conditions for nicked templates was lower than for the
intact template. This effect was especially pronounced for the
template-strand nicks we studied (nT-10 and nT-3) and was
least pronounced for the nNT +1 template. Also in all cases the
promoter escape efficiency (judged as being inversely related to
APR) was greater for nicked templates than for intact DNA,
perhaps suggesting that template flexibility abets promoter
escape. With the exception of nNT+1, the increase in pro-
moter escape efficiency was not enough to overcome the
decrease in overall transcription (as reflected in abortive tran-
scription rate), resulting in productive transcription rates lower
than for the intact template.

Introduction of nicks into the DNA also had noticeable
effects on the abortive probability profile. In particular, the like-
lihood of aborting at the 6 -7 nucleotide barrier was decreased
for all the nicked templates compared with the intact template,
suggesting that DNA flexibility can help overcome this barrier.
In contrast, nicks had relatively little effect on aborting at the
2-3 nucleotide barrier. Introduction of gaps at the correspond-
ing template positions had varying effects relative to the corre-
sponding nicked templates, most often affecting the 2—3 bar-
rier. An exception was at position —10 on the template strand
(nT-10 versus gT-10), where loss of the nucleoside appeared to
increase the 6 -7 barrier but had no apparent effect on the
2-3 barrier. (The extremely high level of abortion at the 2—-3
barrier on template gT-3, leading to no detectable abortive
transcripts in the 6 -7 nucleotide size range, may be due to
an alteration in initiation site on this template; this point is
addressed under “Discussion”). The abortive profiles
observed on gapped templates, particularly at the 2—3 nucle-
otide barrier, must therefore result from the combined influ-
ences of DNA discontinuity and steric or energetic conse-
quences of loss of the nucleoside moiety.

DISCUSSION

Relationship of Steady State Parameter Measurements to
Missing Nucleoside Results—It is important to note that the
missing nucleoside band-shift technique used in the previous
study (12) examined the ability of EP_ complexes formed on
gapped templates to be converted to complexes having the
mobility of ternary elongation complexes within 10 min of
exposure to a limited set of nucleotide substrates at low con-
centrations. This method in effect measures the rate of a single
escape event, not a ratio of the rates of productive versus abor-
tive events. Consequently, a template (e.g. gNT-3) showing a
weak negative result in the missing nucleoside experiment (see
Fig. 1) might in reality have an enhanced ratio of productive to
abortive events but nevertheless display a slow escape rate due
to other effects on the initiation process. Furthermore, the low
concentration of substrates used in the missing nucleoside
experiment would be expected to enhance both the percentage
of unproductive EP_ complexes and the APR (11, 22). There-
fore, it is not surprising that the behavior in the missing nucle-
oside experiment that prompted us to choose certain templates
for further study does not always correlate with the escape effi-
ciency (as measured by APR) that was determined here under
steady state conditions.
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Effects of Template Nicks and Gaps on the Stability of the EP,
Complex—The half-lives of RNAP-DNA open complexes pos-
sessing a single nucleoside gap at position —3 or —10 (on either
strand) or at position +1 (studied only on the nontemplate
strand) were longer than that of the complex formed with intact
duplex DNA (Fig. 4, Table 1). This suggests that a gap within the
transcription bubble enhances EP, stability, in complete agree-
ment with previous observations (26, 27) that gaps in the initial
transcription bubble region enhance RNA polymerase binding.
A missing nucleoside is expected to decrease affinity if it causes
the loss of a specific contact between protein and DNA (13).
Increased affinity could result from several factors that might
favor DNA strand separation in the vicinity of the missing
nucleoside; they are enhanced flexibility of DNA, loss of one
basepair interaction, or the generation of two additional nega-
tive charges in the phosphate backbone.

Studies of RNA polymerase binding to other altered forms of
DNA (depurinated, nicked, forked) (28 —30) have found in gen-
eral that any disruption that decreases duplex stability in the
melting region enhances the affinity of RNA polymerase for
DNA. Consistent with this idea, we observed that all gapped
templates led to a more stable EP, than the corresponding
nicked templates (Table 1). This may be due to increased flex-
ibility of a gapped site relative to a nicked site (31) as well as loss
of the corresponding base-pairing and/or stacking interaction.

There were some instances in which the effect of a nucleoside
gap on EP_ stability may have been due to loss of a DNA-protein
contact. Of all the templates gapped near the transcription start
site, the gNT-10 template forms the complex with lowest sta-
bility. Because RNA polymerase specifically interacts with the
nontemplate strand of DNA in the —10 region (32, 33), the
decreased stability, relative to that expected due to the DNA
structural effects described above, could have resulted from
disruption of a specific nucleoside contact at position NT-10.

Complexes formed with the gT-10 template were more sta-
ble than those with gNT-10 but much less stable than those
formed with gT-3 or gNT-3. Because the base at position T-10
does not make a specific nucleoside contact with RNAP in the
EP_ complex (30), there might be no penalty for losing a nucle-
oside at —10 from the template strand. We speculate that loss of
base pairing at position —10, near the border of the transcrip-
tion bubble, contributes less to the overall enhancement of EP|
stability than does guanine unpairing at position —3, in the
middle of the transcription bubble. In an assay of the accessi-
bility of thymines in the transcription bubble region to a single-
strand-specific reagent at different temperatures, the transcrip-
tion bubble was found to consist of two parts, each having a
different transition temperature (34). The distal part (—10
region) had a lower transition temperature than the proximal
part (—3 region). This result predicts that removal of a base in
the proximal region (—3 region) will favor the stability of the
whole bubble more than will removal of a base in the distal part
(—10 region), consistent with our results.

Effects of Template Gaps on Intrinsic Catalytic Rate—Meas-
urement of the intrinsic rate of single-nucleotide addition to
the initiating nucleotide within the EP_ complex (pppApU syn-
thesis, Table 1) allows a direct assessment of the effect of differ-
ent template gaps on active site function. Each of the gapped
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templates displayed a different catalytic rate, ranging from very
low in the case of gT-3 to higher than the intact template in the
case of gNT+1. A single nucleoside gap in the template strand
just upstream of the transcription start site forms an initiation
complex having a dinucleotide synthesis rate at least one order
of magnitude lower than a complex formed on intact DNA. For
such a template, the rate of nucleotide addition could become
rate-limiting for the process of productive transcription. This
observation is in agreement with previous reports that the for-
mation of the first phosphodiester bond can be rate-limiting
(35). The different effects of nicks and gaps in the vicinity of the
polymerase active site (gNT+1 and nNT+1; gNT-3 and
nNT-3) on the dinucleotide synthesis rate indicate the presence
of subtle combinations of effects due to DNA topology change
versus loss of nucleoside contacts in the initiation complex.

The effect of DNA discontinuities on dinucleotide synthe-
sis rate was asymmetric with regard to the two DNA strands,
with nicks or gaps in the template strand having a more
profound effect than those in the nontemplate strand. This
asymmetry implies that continuity of the template strand is
more important than continuity of the nontemplate strand
for normal catalytic activity, especially in the vicinity of the
start site (i.e. gT-3).

A similar strand asymmetry in the effect of DNA discontinu-
ity on transcription initiation was observed in a study of RNA
polymerase III by Grove et al. (36). The model they put forward
to reconcile their results, based on the crystal structure of yeast
polymerase II (37, 38), hinges on the existence of strict require-
ments for anchoring of the template strand relative to the
enzyme active site and few or no such constraints on position-
ing of the nontemplate strand. Analysis of crystal structure and
cross-linking data (39, 40) showed that for the bacterial open
complex as well, the template strand in the promoter melting
region is constrained in the active site channel through inter-
action of the DNA backbone with RNAP and suggested that
strain imposed on the template strand keeps this strand cor-
rectly aligned with the active site. We speculate that increased
flexibility due to introduction of a gap interferes with the ori-
entation of the template strand and, thus, impairs catalytic
activity.

In their study of RNA polymerase III, Grove et al. (36)
observed shifting of the transcription start site in addition to
changes in the amount of transcription when the template
strand was nicked in certain positions. It is important to note
that a change in start site could not have been detected in our
dinucleotide synthesis assays because we were specifically
monitoring production of pppApU in the presence of ATP and
[a-*?P]JUTP. The closest position in the upstream direction
where a labeled dinucleotide could have been produced is at
—8, and in the downstream direction at +20. We note that
under steady state conditions, with all four nucleotides present
and labeling with [y-**P]ATP, template gT-3 gives a very low
rate of productive transcription, and full-length transcripts
appear somewhat shorter than for the other templates (Fig. 24).
It is conceivable that we are observing some initiation events at
positions A5 and A7 on this template, consistent with the
results of Grove et al. (36). The implications of this tentative
interpretation will be considered further below.
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In contrast to the results for gaps near the transcription start
site, a gap in either strand of the UP element significantly
diminished the rate of dinucleotide synthesis. Gaps in this
region might interfere with interaction of the DNA template
with the a subunits of RNAP either through alteration in DNA
structure (41, 42) affecting sequence-nonspecific interactions
or through loss of specific base contacts with the protein. It
would be interesting to see whether the effects of gaps in the UP
element on transcription initiation in this system are altered
when RNAP lacking the o C-terminal domain is used. Prece-
dents exist for changes in nonspecific interactions of the a sub-
units with this region of the DNA causing changes in protein-
DNA interactions in the vicinity of the start site (43, 44). It is
thought that the o subunits of polymerase interact with o
region 4.2, based on cross-linking and genetic studies (45, 46). A
change in the UP element-a-subunit interaction might, there-
fore, be transmitted through o to result in an altered conforma-
tion of the EP_ complex that would lead to a lower intrinsic
catalytic rate within the active site. Hydroxyl radical footprint-
ing (data not shown) revealed less protection in the core pro-
moter region by RNA polymerase bound to templates gT-55
and gNT-53 compared with the intact DNA template.
Although the stabilities of EP_ complexes formed on these
three templates were not detectably different, the footprinting
results suggest that the gapped complexes have an unusual
structure, consistent with the observation by Ross et al. (47)
that gaps in the UP element profoundly affect RNA polymerase
binding.

Effects of Template Gaps on the Percentage of Unproductive
EP, Complexes—The principal motivation for our study of this
parameter came from work by Shimamoto and co-workers (10)
and more recently by Vo et al. (11). Work from Shimamoto and
co-workers (10) has established that initiation by E. coli RNA
polymerase involves a branched pathway in which two types of
initial transcribing complex, only one of which is capable of
productive initiation, are in equilibrium. Vo et al. (11), studying
the transcriptional properties of unproductive and productive
complexes at the Prm T5A20, Prm P20, and T5N25 promoters,
showed that the equilibrium between the two types of com-
plexes is dependent on promoter sequence.

That these effects might be mediated through changes in
conformation of the initiating complex was suggested by Susa
et al. (48), who employed Fe’"-induced radical cleavage to
characterize the active site of unproductive complexes
formed on the T7A1 promoter. They observed a 1- or 2-bp
shift forward in the position of the active site relative to
template DNA in unproductive complexes and proposed
that the shift of the active site from the optimal position
decreases the catalytic activity and contributes to the forma-
tion of unproductive complex.

Our results support the idea that alterations in the DNA that
affect the conformation of the open complex can influence the
partitioning between productive and unproductive complexes.
We found that a gap was able to modulate the extent of unpro-
ductive complex formed on the T7A1 promoter from 2 to 16%.
Notably, those templates with the highest percentage of unpro-
ductive complexes (gT-55,gNT-53,gT-10 and gT-3) are among
those with the lowest intrinsic catalytic capacity (i.e. dinucle-
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otide synthesis rate). We speculate that these gaps cause con-
formational changes in the open promoter complex that impair
the capacity of the active site for phosphodiester bond synthesis
as well as for eventual promoter escape. Evidence for the ability
of subtle conformational alterations during promoter binding
to affect subsequent function of the transcription complex
comes from the work of Berghofer-Hochheimer et al. (49), who
observed distinct elongation properties in transcription com-
plexes resulting from varying interactions between the core
enzyme and ¢”° during promoter binding.

Is the effect of a nucleoside gap on the formation of a produc-
tive complex due to discontinuity in the DNA or to the absence
of the nucleoside moiety? In a study of the effect of template
nicks on the formation of the EP_, Li and McClure (29)
employed a complete set of NTP substrates (concentration not
stated) to allow run-off transcription by EP_ complexes formed
on nicked templates. Because they did not observe variability
among nicked templates in the ability to carry out such run-off
transcription, they concluded that nicks, whereas affecting the
formation of EP_ complexes, do not influence their subsequent
function. In agreement with their observation, we found only a
minor effect of template nicks on the partitioning of EP_ into
productive and unproductive complexes. It is important to
note, however, that we did see substantial effects of nicks on
other aspects of ITC function, such as EP, stability, dinucle-
otide synthesis rate, abortive rate, and productive rate, that
were not addressed by Li and McClure’s experiment (29).

Implications for Models of Promoter Escape—The effects of
DNA discontinuities (nicks or gaps) at specific template posi-
tions in our study are consistent with models that describe pro-
moter escape as the resolution of a “stressed intermediate” (2,
50) generated during abortive initiation. The current working
model, put forward by Hsu et al. (6, 14) based on structural
analysis of T7 RNA polymerase (51), postulates that the choice
between abortive cycling and productive initiation is mediated
by strain accumulated as downstream DNA is “scrunched” into
the active site, enlarging the transcription bubble. Variation in
this strain, dependent on transcription bubble and RNA-DNA
hybrid size and sequence, balanced against the stability of inter-
actions between the polymerase and promoter elements, gov-
erns the promoter escape efficiency and abortive probability
profile for individual promoters and initial transcribed
sequences. Displacement of the o3 , linker, which occupies the
RNA exit channel in the open promoter complex, by the grow-
ing RNA chain (52, 53) is also thought to play a role.

Vo et al. (1) described the existence of two major barriers to
productive RNA synthesis by E. coli RNAP ITCs at most pro-
moters, one encountered at RNA chain lengths of 2— 4 nucleo-
tides and another at lengths of 6 -9 nucleotides. The existence
of these barriers is rationalized according to the model of Hsu
(14) by a combination of DNA scrunching strain and the high
instability of very short RNA-DNA heteroduplexes for the 2—4
nucleotide barrier and by further accumulated DNA scrunch-
ing strain combined with the need to displace o, from the pro-
moter —10 element and the o5 , loop from the RNA exit chan-
nel at this juncture for the 6 -9 nucleotide barrier. For some
promoters, particularly those with UP elements, disruption of
interactions with the —10 element is not sufficient for escape,
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and a third barrier, therefore, exists at RNA chain lengths of
13-15, representing the point at which interactions with the
—35 and UP elements are broken.

We envision that discontinuity in the DNA could interfere
with the accumulation of strain in the complex by increasing
the flexibility of the DNA strand and, hence, easing the accom-
modation of scrunched DNA into the complex or its extrusion
from points on the enzyme surface near positions —5to —6 on
the nontemplate strand and —9 to —10 on the template strand,
as recently proposed by Kapanidis ez al. (15). Interestingly, we
saw a significant decrease in the probability of aborting tran-
scription at 6 or 7 nucleotides and, hence, in the overall ratio of
abortive to productive transcription when a nick or gap was
introduced in the nontemplate strand at position —3, —10, or
+1. The effect was not as great (mild reduction of the 6 -7-nt
barrier and no decrease in APR) when a gap or nick was present
on the template strand at position —10. Perhaps the physical
constraint of the template strand in an internal channel limits
the ability for strain to be accommodated in this case. The non-
template strand, although in intimate contact with the 3 sub-
unit as detected by cross-linking (40), is nevertheless accessible
to accessory factors (54); its exposure to the enzyme surface
may provide for greater conformational flexibility than is avail-
able to the template strand. Loss of a nucleoside at nontemplate
position —10 likely also weakens interaction with o and, there-
fore, may promote a remodeling of o-nontemplate strand inter-
actions that has been hypothesized to be required for promoter
escape (55).

The anomalous behavior of template gT-3 deserves special
consideration. We saw essentially no abortive transcription in
the 6 —7-nt range; however, the APR was extremely high due to
nearly complete abortion at the 2-3-nt barrier. A possible
explanation for this behavior derives from the observation that
initiation on the gT-3 template may actually be displaced
downstream a few nucleotides. If this is the case, then the initi-
ating complex would already be significantly scrunched, and
the 2—3-nt barrier we observe may actually correspond ener-
getically to the 6 —7-nt barrier on other templates. This alter-
ation of structure of the initiating complex may also explain the
very high proportion of unproductive complexes on this tem-
plate as well as the extremely low rate of synthesis of the “nor-
mal” initiating dinucleotide, pppApU.

Although the effect of nicks or gaps in the nontemplate
strand on the abortive probability at the 67 nt barrier was
consistent with relief of scrunching strain, little or no effect was
seen at the 2—-3-nt barrier for these templates, suggesting that
abortion at this barrier is more attributable to the instability of
the short RNA-DNA hybrid than to the accumulation of strain
at this point (which would necessarily be smaller than for the
complex at the 6 -7 nucleotide barrier).

Discontinuities at certain template positions (gT-3, nT-3,
nNT-3, nT-10, gT-10, gNT-53, gT-55) caused a drastic
decrease in the intrinsic rate of dinucleotide synthesis. Under
such conditions, catalysis of nucleotide addition may become
rate-limiting and thereby cause enhanced abortive synthesis by
a kinetic effect that outweighs any stabilization of the complex
by relief of DNA scrunching. This effect may be responsible for
the high 6 —7-nt barrier for templates nT-10, gT-10, gNT-53,
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and gT-55 relative to other templates with discontinuities.
Conversely, the slight decrease in the 2—3-nucleotide barrier
observed for templates with a nick or gap at position NT+1
may be the result of a kinetic effect from the greatly increased
rate of dinucleotide synthesis displayed by EP_, complexes
formed on these templates.

Experimental observations by several investigators (1, 7, 8,
56) have indicated that the rate of promoter escape is inversely
related to the stability of the open promoter complex, as would
be expected if promoter escape depends directly and solely on
breaking protein-DNA contacts at the promoter. One would
predict, then, that modifications to the template that remove a
specific protein-DNA contact in the open complex would
enhance the likelihood of promoter escape. Contrary to expec-
tation, we did not see a correlation between EP, stability and
the rate of productive RNA synthesis. Of the templates that
formed unusually stable EP, complexes (gNT-3, gT-3, and
gNT+1), one (gT-3) had a greatly decreased productive rate,
whereas one (gNT +1) had the highest productive rate of all the
templates studied. Conversely, two of the templates (gNT-53
and nT-10) with very low productive synthesis rates relative to
intact DNA formed EP_ complexes whose stabilities were indis-
tinguishable from those formed on intact templates.

In each of these cases, however, other features of the ITC can
account for the observed behavior. For template gNT+1,
enhancement of productive synthesis despite an unusually sta-
ble EP_ seems to be due primarily to the kinetic effect of
increased dinucleotide synthesis rate. In other words EP_ com-
plexes formed on this template make many more initiation
attempts, leading to a higher rate of productive synthesis com-
pared with complexes formed on the intact template.

For templates gNT-53 and nT-10, the opposite situation
applies. Despite forming promoter complexes with similar sta-
bility to that formed on the intact template, these complexes
have a lower inherent dinucleotide synthesis rate, which leads
directly to a lower rate of productive transcription. This behav-
ior may also indirectly affect productive synthesis by increasing
the likelihood of abortion of transcription at each nucleotide
addition step.

Taken together these results indicate that stability of the
open promoter complex is only one of several factors contrib-
uting to the overall rate of promoter escape. Other factors that
are determinants of promoter escape are the geometry of the
active site, which dictates the rate of catalysis, and the sequence-
dependent variation in the effect of transcription bubble expan-
sion on translocation versus backtracking. A promoter escape
mechanism mediated by multiple determinants may allow mul-
tiple mechanisms of regulation of escape during transcription
initiation.
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