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Background: Abortive cycling is a key feature of RNA polymerases.
Results: Nicks and mismatches have little effect on abortive probabilities.
Conclusion: The energetics of the hybrid pushing on the protein, rather than that of bubble expansion, is the primary contrib-

utor to abortive cycling.

Significance: Abortive cycling arises from the need to couple RNA growth to promoter release in RNA polymerases.

It has long been known that during initial transcription of the
first 8 —10 bases of RNA, complexes are relatively unstable, lead-
ing to the release of short abortive RNA transcripts. An early
“stressed intermediate” model led to a more specific mechanis-
tic model proposing “scrunching” stress as the basis for the
instability. Recent studies in the single subunit T7 RNA poly-
merase have argued against scrunching as the energetic driving
force and instead argue for a model in which pushing of the
RNA-DNA hybrid against a protein element associated with
promoter binding, while likely driving promoter release, recip-
rocally leads to instability of the hybrid. In this study, we test
these models in the structurally unrelated multisubunit bacte-
rial RNA polymerase. Via the targeted introduction of mis-
matches and nicks in the DNA, we demonstrate that neither
downstream bubble collapse nor compaction/scrunching of
either the single-stranded template or nontemplate strands is a
major force driving abortive instability (although collapse from
the downstream end of the bubble does contribute significantly
to the instability of artificially halted complexes). In contrast,
pushing of the hybrid against a mobile protein element (o5 , in
the bacterial enzyme) results in substantially increased abortive
instability and is likely the primary energetic contributor to
abortive cycling. The results suggest that abortive instability is a
by-product of the mechanistic need to couple the energy of
nucleotide addition (RNA chain growth) to driving the timed
release of promoter contacts during initial transcription.

Abortive cycling, marked by the premature release of short
RNA products from initially transcribing complexes, is a com-
mon feature in all RNA polymerases (1-3) and is known to be a
point of cellular regulation at some promoters (4). Over the last
decade, abortive cycling has been extensively studied, and var-
ious models have been proposed to explain its occurrence

(5-7).
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Prior to the initiation of transcription, an RNA polymerase
must melt open the promoter DNA to form an open complex.
The initial bubble in the open complex is 13—14 base pairs (bp)
long for Escherichia coli RNA polymerase (8, 9), about 8 bp for
RNA polymerase II (10), and about 8 bp for T7 RNA polymerase
(11-13). RNA polymerases can accommodate only a 2—-3-nu-
cleotide transcript in their open complex (14), and to continue
beyond that requires further melting of downstream DNA
while maintaining promoter contacts, and by keeping the
upstream edge of the bubble constant, the bubble expands. Not
surprisingly, then, RNA polymerases maintain their initial pro-
moter contacts through the synthesis of RNA up to about the
length of the ultimate RNA-DNA hybrid in stable elongation
complexes. This “initially transcribing” phase of transcription,
in which promoter contacts are maintained as the bubble
expands, is characteristically unstable, leading to the premature
release of short abortive RNAs, with the complex recycling to
repeat the de novo initiation event.

The instability of initially transcribing complexes might arise
from several energetic factors. The requirement of melting
downstream duplex (bubble expansion) to synthesize RNA
beyond about 2-3 bases could impede forward progression,
whereas premature reannealing of the already melted DNA
strands (partial or complete bubble collapse) would competi-
tively displace the nascent RNA (15). The drawing in of down-
stream DNA into the active site could lead to energetically
unfavorable compaction or steric “scrunching” of the DNA
template strand in the active site cavity. This could present an
energetic barrier that similarly opposes forward progression
and/or destabilizes the nascent transcript (14, 16, 17). Finally,
we now understand that as the RNA-DNA hybrid grows, it
pushes against elements of the protein involved in promoter
binding, and this steric clash could impede forward progression
and/or destabilize the hybrid (6, 14, 18 —20). All of these poten-
tial stresses fall broadly under the category of a “stressed inter-
mediate,” and it has been assumed that this stress leads to abor-
tive dissociation of nascent RNA (5).

It is important to note that although abortive propensity is
very sequence-dependent, all RNA polymerases display abor-
tive cycling. Thus, it must reflect a fundamental property of the
transcription mechanism. The well studied RNA polymerases
fall into two distinct classes as follows: the evolutionarily related
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“multisubunit” bacterial and eukaryotic enzyme family, and the
“single subunit” family represented by bacteriophage T7, mito-
chondrial, and chloroplast RNA polymerases. All RNA poly-
merases are characterized not only by a relatively unstable
(abortive) initiation phase, but this phase is also followed by a
significant structural rearrangement associated with the tran-
sition to stable elongation. Although the structural details of
initiation complexes from single subunit and multisubunit
RNA polymerases are known (14, 21-23), the energetic and
mechanistic details of these structural changes and of abortive
cycling are yet to be completely understood.

Our recent studies with T7 RNA polymerase have estab-
lished in that system that neither downstream bubble collapse
nor DNA scrunching stress contributes substantially to insta-
bility in initially transcribing complexes (7). Structures of T7
RNA polymerase complexes halted at positions +7 and +8
show retention of promoter contacts accompanied by a signif-
icant rotation of the N-terminal platform (24). It is expected
that as the RNA-DNA hybrid grows, it will start “pushing” on
the N-terminal platform driving the latter to rotate. In the
multisubunit bacterial RNA polymerase, the RNA-DNA hybrid
is thought to similarly “push” on the o , linker, displacing the
linker from the RNA exit channel (18, 19). This likely has the
same effect as in T7 RNA polymerase; hybrid push drives a
structural change in the protein that drives a weakening of pro-
moter contacts, ultimately triggering promoter release and the
opening or formation of the RNA exit channel. Necessarily,
however, the protein must push back on the hybrid, which
could destabilize the hybrid and lead directly to abortive loss of
the RNA. Our recent studies with a T7 RNA polymerase
mutant support this model (25).

We now extend these studies to the initially transcribing
complexes of 07°-E. coli RNA polymerase transcribing on vari-
ants of the T5 N25 promoter (26, 27). Specifically, we have
studied the role of scrunching and of downstream DNA bubble
collapse in initially transcribing complexes by designing DNA
constructs with a gap or nick to reduce scrunching stress, and
also by introducing mismatch sequences at the downstream
end of a halted transcription bubble to prevent downstream
DNA bubble collapse. Note that this work addresses only the
conventional abortive cycling that is thought to occur before
normal promoter release; it does not address “very long” abor-
tive products seen on some constructs, which are thought to
arise via a different mechanism (28).

In E. coli RNA polymerase, it is thought that abortive com-
plexes are backtracked complexes (29). In an initially transcrib-
ing complex, the upstream end of the transcription bubble is
held in position by the interactions of o with promoter DNA, as
well as with the core polymerase. Backtracking involves dis-
placement of the 3" end of the RNA from the template, neces-
sarily stopping addition of the next nucleotide. Unlike back-
tracking during elongation, it also leads to a net shortening of
the RNA-DNA hybrid (because the 5" end of the RNA is not yet
displaced from the hybrid, there is no upstream single-stranded
RNA to reanneal in compensation). Both of these effects would
be expected to kinetically favor the abortive dissociation of the
nascent RNA. Extrusion of the 3’ end of the RNA into the sec-
ondary channel also makes the RNA accessible to the GreB
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cleavage factor (29, 30). Thus, in this work, we use GreB cleav-
age as a marker of backtracking-induced abortive complexes.
We have also studied the effects of a mutant 67° on backtracked
complexes formed on engineered DNA constructs.

The results below argue that in the multisubunit RNA poly-
merases, steric compaction of DNA strands plays no role, and
downstream bubble collapse plays only a minor role, as driving
forces in abortive cycling. The results instead support a model
in which “hybrid-push” is the primary energetic contributor to
abortive cycling. Together, these and recent results suggest that
despite very different structural details, all RNA polymerases
share common mechanistic fundamentals.

MATERIALS AND METHODS

Enzymes and Proteins—E. coli RNA polymerase holoenzyme
and core enzyme were purchased commercially from Epicentre
(an Illumina company). The mutant ¢’° and GreB proteins
were generously provided by Lilian Hsu.

DNA Oligonucleotides—DNA oligonucleotides were pur-
chased commercially from Eurofins MWG Operon. All DNA
strands used in this study extend from position —60 upstream
to +35 downstream, except the fork junction construct that
extends from —12 to +35 on the nontemplate strand and from
—4 to +35 on the template strand. Except where indicated, the
sequence of the promoter is that of the T5 N25 promoter (31).

Transcription Assays—Transcription assays were carried out
in a total volume of 10 ul at 37 °C for 20 min. Unless otherwise
indicated, DNA and enzyme concentrations were 100 nM each
in transcription buffer (50 mMm Tris-HCI, 200 mm KCl, 10 mm
MgCl,, 10 mM B-mercaptoethanol, and 10 pg/ml acetylated
BSA). Transcription was initiated with a final concentration of
100 um of ATP and UTP each, to allow halting at position +8.
RNA was 5'-labeled with [y-**P]ATP or internally labeled with
[y->*P]ATP or [a-**P]UTP, as indicated. Transcription was
quenched by addition of an equal volume of formamide stop
solution (95% formamide, 40 mm EDTA, 0.01% bromphenol
blue and 0.01% xylene cyanol). The RNA products were
resolved on 20% polyacrylamide gels containing 7 M urea and
visualized with a Fuji phosphorimager.

In transcription assays to observe backtracking of RNA
polymerase, a 10-fold excess of GreB was added to the enzyme-
DNA complex before initiating transcription with nucleoside
triphosphates. The RNA products were internally labeled in
these reactions to be able to resolve GreB-cleaved RNA
products.

Transcription initiation from fork junction DNA constructs
showed misinitiation in the presence of all four NTPs. To
restrict initiation to the +1 position, the dinucleotide pApU
was included, as indicated, to a concentration of 500 uMm (32).

Quantification—Turnover numbers were calculated by
dividing the concentration of the halted 8-mer RNA by the
limiting concentration of enzyme-DNA complex (100 nm).
Note that if the concentration of active enzyme is lower than
this, the reported turnover numbers will represent lower limits,
but comparisons between constructs will remain unchanged.
Percent fall off calculations were carried out by calculating the
ratio of the amount of RNA released of a given length to the
total amount of RNA of that length and longer (3).
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FIGURE 1. Removal of downstream bubble collapse in complexes halted at position +8. A, runoff transcription on control and MM(+1,+8) DNA, showing
quantification of abortive percent fall off profiles. B, transcription (—GreB) in complexes halted at position +8 (by inclusion of only ATP and UTP in the reaction).
To detect backtracking, parallel reactions were carried out in the presence of 1 um cleavage factor GreB. To assign GreB cleavage products, each set of reactions
was run in parallel with either [a->?P]UTP versus [a->?P]ATP as the label. C, schematics showing the DNA constructs used, noting regions of DNA mismatch in
a halted complex and showing quantification of halted 8-mer turnover on each construct, from the data in B. D, quantification of differential labeling
(la-32P]UTP versus [a->?P]ATP) of the dinucleotide GreB cleavage product confirms that it is primarily the pUpU predicted from backtracking of the halted
8-mer, with some pApU and pUpA from backtracked abortive complexes at positions +5 and +6, respectively.

RESULTS

A full understanding of transcription regulatory events such
as promoter proximal pausing and abortive cycling requires an
understanding of the energetics (or more appropriately, the rel-
ative kinetics of competing processes) of initially transcribing
complexes. What factors do or do not contribute to the stability
of halted complexes or of the tendency to release abortive prod-
ucts during initial transcription? Factors that have been impli-
cated in the past include the steric scrunching of template
and/or nontemplate strands of the DNA, the overall energetics
of bubble expansion, and the local expansion/collapse of the
edges of the melted bubble (7, 17, 33). In this study, we tested
each of these as potential contributors to abortive cycling.

Removal of Downstream Bubble Collapse by Local Mis-
matching—Previous studies in the T7 RNA polymerase system
have shown that artificially halted initially transcribing com-
plexes are destabilized by collapse of the DNA from the down-
stream end of the melted bubble (33). More specifically, mis-
matching of the DNA at the downstream edge of the bubble to
prevent collapse stabilizes halted complexes against dissocia-
tion of the RNA. However, during full run synthesis in the pres-
ence of all four nucleoside triphosphates (NTPs), similar mis-
matching at corresponding sites around abortive positions
leads to only small changes in abortive fall off.

In this study, we have characterized transcription from sim-
ilar DNA constructs in the E. coli RNA polymerase system.
Introducing mismatched sequences at the downstream end of a
halted transcription complex bubble prevents the reannealing
of the downstream DNA but should not alter the steric stress of
scrunched template or nontemplate DNA in the transcription
bubble. The results shown in Fig. 1A demonstrate clearly thatin
the E. coli system mismatching of the bubble in the initially
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transcribed region also has only small and nonsystematic
effects on abortive propensities during full run synthesis (in the
presence of all four NTPs).

In artificially halted complexes (in this case, by including only
ATP and UTP to force a halt at position +8), stability (as mea-
sured by turnover) is increased by increasing extents of mis-
matching within the bubble (as quantified in Fig. 1C). Tran-
scription on constructs mismatched at the downstream edge of
the bubble shows reduced turnover compared with the fully
complementary DNA (double strand control). The DNA con-
struct with 8 bases mismatched from position +1 to +8 shows
~5-fold lower turnover than the control, and mismatching 6
bases from position +3 to + 8 yields similarly reduced turnover.
Mismatching 4 bases from position +5 to +8 reduces turnover,
but to a lesser extent, whereas mismatching only 2 bases from
position +7 to +8 yields a still smaller effect.

Note that halted transcription on the fully double-stranded
construct produces a 5-mer transcript (Fig. 1B, —GreB) that is
not observed in runoff transcription (Fig. 14) nor on the mis-
matched constructs. That it is not observed in runoff transcrip-
tion is consistent with its assignment as a halted (at position
+8) product deriving from misinitiation at position +4. That it
is dramatically reduced in halted transcription from the mis-
matched constructs suggests that mismatching in the +1to +8
region reduces this proposed misinitiation (the basis for this is
not clear).

Although in halted transcription, the turnover number for
the two base-mismatched construct MM(+7,+8) is reduced
only about 20% from that of the control DNA, the amount of
abortives (in particular, the 6-mer) is strikingly low. This sug-
gests that the halted complex is stabilized more than the 20%
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FIGURE 2. Nicking or gapping the DNA does not stabilize initially transcribing complexes. A, runoff transcription (35-mer) on sample nicked and mis-
matched constructs (with all four NTPs). B, schematics illustrating nick/gap/mismatch nomenclature. G, transcription halted at +8 on various DNA constructs.
D, runoff (35-mer) transcription on the constructs from C. E, GreB susceptibility of various nicked, gapped, and/or mismatched DNA constructs halted at
position +8. The sequences of the templates used are shown alongside the gels. In all experiments, RNA was labeled with [a->?P]ATP.

reduction would predict, because a complex that aborts less
should be more efficient at synthesis of the 8-mer halted RNA.

To confirm that the reduced accumulation of halted 8-mer
RNA on mismatched constructs arises from a failure of the
8-mer product to turn over, rather than from a failure to initi-
ate, we carried out a parallel set of reactions, but in the presence
of the cleavage factor GreB. This factor stimulates cleavage of
backtracked RNAs that are expected to arise from abortive or
halted complexes (34). In this case, (only) the halted 8-mer
RNA, which has the sequence AUAAUAUU, should yield the
primary dinucleotide cleavage product pUpU, silent in the
[a-*2P]ATP, while the two highest aborting complexes at posi-
tions +5 and +6 should yield the cleavage products pApU and
pUpA, respectively, and will be labeled by both [a-**P]ATP and
[@-32P]UTP.

The results presented in Fig. 1B show that in the presence of
GreB, substantial amounts of dinucleotide are observed for
complexes halted at position +8. Differential labeling with
[@-*?P]ATP and [a-**P]JUTP shows that the product is primar-
ily the predicted pUpU product (all other potential products
would contain A), as quantified in Fig. 1D. The accumulated
quantity of this product is higher in the mismatched constructs
than in the double-stranded control, consistent with a higher
occupancy (increased stability) of the halted complex in the
downstream-mismatched constructs. The high levels of GreB-
mediated cleavage argue that mismatching at the downstream
edge of the bubble does not reduce backtracking (required for
cleavage). In other words, collapse of the downstream edge of
the bubble does not drive backtracking.
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Introduction of Nicks or Gaps to Reduce Steric Scrunching—
An alternative source of potentially destabilizing energetics
during initial transcription comes from the fact that forward
progression of RNA polymerase draws DNA into the active site.
Thus, abortive instability might arise from the potential stress
caused by compaction of DNA strands (“steric scrunching”) in
the active site channel as the polymerase translocates from
position +3 or +4 to the point of promoter release and the
transition to elongation (14, 16, 17).

Scrunching of a strand of DNA into a restricted volume
would be subject to the energetic constraints imposed by the
DNA backbone. Introduction of a nick in the DNA (by assem-
bling the strand from two pieces) should loosen some of those
constraints, allowing more conformational freedom in the
backbone. Introduction of a nick also removes a negatively
charged phosphate (the oligonucleotides have 3'- and 5'-hy-
droxyls), removing volume and reducing potential phosphate
charge-charge repulsion. Nicking DNA should also reduce the
energetics of bubble collapse, because the cooperativity of col-
lapse is reduced. Indeed, nicking within the initially melted
region of the promoter has been shown to significantly enhance
open complex formation (35). Gapping the DNA removes
entire nucleotides and so should more dramatically reduce any
unfavorable energetics of steric scrunching.

The results presented in Fig. 2C demonstrate that simple
nicking of the DNA, while otherwise retaining the base pairing
that drives collapse, yields overall turnover of a complex halted
at position +8 comparable with that of native double-stranded
DNA. Similarly, gapping the DNA by removing nontemplate
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nucleotides —2 and —1 in the gap(—3/+1) construct also yields
native halted complex turnover. This is consistent with a model
in which collapse of the downstream edge of the bubble (begin-
ning at or near position +8) contributes to instability in initially
transcribing complexes halted at position +8, because all of
these constructs retained downstream collapse. To confirm
this result, the downstream strand was altered to reintroduce a
mismatch from position +1 to +8, or from position +5 to +8,
while retaining the nick between nontemplate bases —1 and
+1. As expected, in both cases, turnover decreased dramati-
cally, as seen with the mismatched but fully contiguous con-
structs. Fig. 2D shows the runoff product from transcription on
the DNA constructs used in Fig. 2C, in the presence of all four
NTPs.

We have included in Fig. 2C the results with a construct,
pss(+4), analogous to a construct studied with T7 RNA poly-
merase, in which the nontemplate strand is removed completely
downstream of position +4. Although T7 RNA polymerase ini-
tiates well with a downstream single-stranded template (36, 37),
E. coli RNA polymerase has been shown to require duplex DNA
downstream for proper initiation (38). The results of Fig. 2C
appear to confirm this observation, as very little transcript is
produced in halted transcription. Although the pss(+4) con-
struct does show significant runoff product (Fig. 2A4), this result
is likely misleading. Although the results of Fig. 2C confirm that
initiation on a construct that is single-stranded downstream of
the start site is poor, after an initial single round of full-length
synthesis on a partially single-stranded template, the construct
will no longer be partially single-stranded, as the product RNA
should stably take the place of the missing nontemplate strand
(either remaining as a persistent hybrid or reannealing after
synthesis). Subsequent promoter binding events will now occur
on a gap(+4,+5) construct, with a downstream RNA-DNA
duplex. Because the latter prefers an A-form structure, this sug-
gests that the downstream (3-clamp can interact with either a B-
or A-form duplex. Finally, note that although scrunching strain
is presumably reduced in the nicked DNA constructs, the abor-
tive profiles of runoff transcription reactions in Fig. 24 are
comparable with that of the fully double-stranded and comple-
mentary control DNA, suggesting that neither bubble collapse
nor nontemplate strand scrunching is the primary driving force
in abortive cycling.

Downstream Bubble Collapse and Nontemplate Scrunching
Play Little Role in Backtracking of Initially Transcribing
Complexes— As noted above, a correlation has been established
previously that positions (beyond about +5) with high abortive
probability are also subjected to backtracking, as evidenced by
GreB-mediated cleavage and rescue (39). Backtracking
extrudes the 3’ end of the RNA into the secondary channel,
rendering it susceptible to GreB-mediated cleavage. This yields
short (primarily dinucleotide) cleavage products correspond-
ing to the 3’ end of the transcript (40). Cleavage brings the
RNA-DNA hybrid back to the active site register, allowing con-
tinued extension of the RNA (or potentially, a second round of
GreB cleavage).

When RNA polymerase backtracks in the elongation phase,
the transcription bubble moves upstream, with simultaneous
reannealing of downstream DNA and re-melting of upstream
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DNA (41-43). Total hybrid length is maintained, because dis-
placement of the 3’ end of the RNA is balanced by reannealing
of RNA at the 5' end. However, in the initially transcribing
phase, backtracking is expected to yield reannealing of only the
downstream DNA, as the upstream end of the transcription
bubble is held in position by the strong interactions between the
0, 4 domain and the —10 region of the promoter. Additionally,
because there is no single-stranded RNA at the 5’ end to
reanneal, displacement of the 3’ end of the RNA yields a net
shortening of the RNA-DNA hybrid. Thus, backtracking
during initial transcription would be expected to destabilize
hybrids.

To test whether the scrunching of the nontemplate DNA
strand drives polymerase backtracking during initial transcrip-
tion, we probed the above complexes for susceptibility to GreB
cleavage. Complexes halted (and backtracked) at position +8
are expected to yield the primary GreB cleavage product pUpU.
As shown in Fig. 2E, complexes that yield relatively unstable
halted complexes at +8 (extensive turnover in —GreB mea-
surements) also yield extensive cleavage products in the pres-
ence of GreB. Partially single-stranded controls, pss(—1) and
pss(+4) show little accumulation of GreB cleavage products,
most likely because they are expected (and observed) to initiate
very poorly (38).

Thus, as before, in the nicked and gapped constructs, restora-
tion of downstream bubble collapse, even in the absence of steric
strand scrunching, restores native instability. Appearance of the
GreB cleavage product pUpU on the nick(—1,+1)—MM(+1,+8)
DNA shows that backtracking occurs independently of DNA
scrunching and downstream bubble collapse.

Evidence That “Hybrid Push” Plays a Role in the Backtracking
of Initially Transcribing Complexes—In the bacterial RNA
polymerase, the growing RNA-DNA hybrid is thought to push
against the o5, “linker” subdomain, which connects promoter
binding regions o, and o,, and which itself makes weak con-
tacts with the core RNA polymerase (19). The o3, linker sits in
the RNA exit channel so that it is displaced by the growing
hybrid, weakening promoter interactions and allowing the
transition to elongation (19, 20, 44, 45). Murakami et al. (19)
have proposed that competition between this linker and the
growing hybrid could lead to abortive instability.

Indeed, a point mutation, S506F, in the o , linker region of
0’°, which weakens its interaction with the core enzyme as well
as directs the linker away from the active site, leads to reduced
abortive cycling (18, 19, 44, 46). The hybrid push model (19, 25)
would predict that this mutation should also lead to decreased
backtracking and increased stability of the complex, as the
linker pushes back less against the nascent hybrid.

The results presented in Fig. 3, A and C (quantified in B and
D), demonstrate that on double-stranded DNA with two differ-
ent initial sequences, the S506F mutant holoenzyme halted at
position +8 turns over about 2—3-fold less than does the wild
type complex, suggesting that the halted complex at position
+8 is more stable in the mutant. Although the mutant has been
previously reported to produce ~30% less full-length product
(18), the data in Fig. 3E show that both wild type and mutant
holoenzyme yield comparable amounts of full-length runoff
product, suggesting that initiation is native-like in the mutant.
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As above, the nature of halted initially transcribing com-
plexes in the S506F mutant can be probed by addition of GreB.
The results presented in Fig. 3 show that the accumulation of
the pUpU GreB cleavage product associated with complexes
halted at position +8 is 2—3 times lower in the mutant than in
the wild type complex. If the 8-mer halted complex turns over
less (accumulates more at steady state) in the mutant, the lower
amounts of cleavage product must arise from lower rates of
RNA cleavage mediated by GreB. The most likely explanation
for this observation is that such complexes backtrack less in the
mutant than in the wild type protein, a result predicted by the
model in which the o, linker “pushes back” less in the mutant
than in the wild type.

Note that the primary product of backtracking on these two
sequences is the dinucleotide pUpU. In most cases, transcrip-
tion resumes efficiently following GreB cleavage, rescuing
abortive cycling. In principle, however, after this cleavage, a
second backtracking event would allow GreB cleavage to pro-
duce the dinucleotide pUpA for the sequence in Fig. 3A and
pApU for the sequence in Fig. 3C. The results suggest this and
show that alternative dinucleotides (that each contain A and U)
accumulate at rates 4 —7-fold lower in the S506F mutant. If this
interpretation is correct, the results suggest that this extensive
backtracking is driven much less in the reduced-abortive S506F
mutant, further supporting the role of hybrid push in back-
tracking and dissociation of abortive RNAs.

Holoenzyme Abortively Cycles in the Absence of Scrunching—
To probe more directly whether pushing of the o5, linker on
the growing RNA-DNA hybrid facilitates abortive release of
initially transcribing RNA in the native enzyme, we character-
ized transcription from fork junction DNA constructs, which
allow initiation in the complete absence of o (38, 47). In these
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constructs, the nontemplate strand of the DNA extends from
upstream position —12 to downstream position +35, whereas
the template strand extends from only —4 upstream to +35
downstream. In addition, the bases in the two strands from
positions —4 to —1 (only) are designed to be noncomplemen-
tary, as shown in Fig. 4A. The four unpaired bases at the 3" end
of the template strand mimic the downstream end of an open
complex and, together with clamp interactions with the down-
stream duplex, allow the initiation of transcription (48).

This design of the fork junction allows us to carry out de novo
initiation of transcription in the presence and absence of 0. The
results presented in Fig. 4 show that initiation by holoenzyme
(holo) produces normal levels of abortive and full-length prod-
ucts, despite the complete absence of DNA upstream of posi-
tion —4 on the template strand and the mismatching of bases
from positions —4 through —1. Thus, all of the traditional ele-
ments of scrunching and upstream bubble collapse are lacking,
yet abortives are produced in the presence of .

Absence of o Stabilizes the Initially Transcribing Complex—
Although the holoenzyme aborts and turns over normally on
the fork junction construct, the results presented in Fig. 4B
show that initiation by the core enzyme (completely lacking o)
leads to a much more stably halted complex at position +8.
That the low amount of accumulating 8-mer is due to increased
stability of the complex, rather than poor initiation, is con-
firmed by the fact that transcription to position +25 (elonga-
tion phase) as shown in Fig. 4C is similar in both the core and
holoenzymes.

Critically, the absence of o in the core complex also leads to a
drastic reduction in abortive products longer than 4 -5 bases
(Fig. 4, Band D). This result confirms the role of o in abortively
destabilizing RNA in initially transcribing complexes beyond
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FIGURE 4. Test of the hybrid push model, absence of . A, fork junction constructs used as DNA templates, natively matched (FJ) or mismatched (MM-FJ) at
positions +7 to +9. B, halted 8-mer and 9-mer transcription initiated with pApU, using holoenzyme and core enzyme on fork junction DNA (FJ). C, as in B but
halting at position +25. D, percent fall off numbers calculated from B show no abortives at positions +6 and +7 with core polymerase. E, GreB cleavage of
halted 8-mer transcription on fork junction (FJ) and mismatched fork junction (F/-MM) DNA, comparing holoenzyme and core enzyme. In all cases, productive
transcription was initiated with pApU (as noted) and labeling was with [a->?P]ATP.

4-5 bases (19, 46). It has been noted that very short hybrids
(less than 45 bp here) would be expected to be intrinsically
unstable and to push less against the protein; thus, it is expected
that the absence of o might not significantly reduce very short
abortives (18). The details of this balance may be polymerase-
specific (49).

Our model suggests that backtracking during initial tran-
scription is a result of the pushing back of the o , linker against
the hybrid. In agreement with this model, the results in Fig. 4E
reveal a large reduction in GreB cleavage products in transcrip-
tion complexes halted at position +8 in the absence of 0. The
residual amounts of dinucleotides remaining are likely due to
induced backtracking of stably halted 8-mer complexes by
spontaneous downstream bubble collapse. To test this pro-
posal, we introduced mismatch sequences at the halt site to
prevent downstream bubble collapse and its induced back-
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tracking. As predicted, GreB cleavage products from core
polymerase on the fork junction are reduced still further.
Together, these results argue for a very significant role for the o
subunit (specifically region 3.2) in driving abortive cycling, with
a small contribution from downstream bubble collapse.

DISCUSSION

RNA polymerases must establish strong protein-promoter
DNA contacts to achieve regulated initiation of transcription,
but they must also release those contacts to progress to stable
elongation. A wealth of recent structural data provides a frame-
work for understanding initially transcribing RNA poly-
merases. It is clear that promoter contacts are retained during
initial transcription, as downstream DNA is melted and drawn
in, and the bubble expands, leading to scrunching of the DNA
(16, 17). It is also clear that on promoter release, the upstream
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edge of the bubble collapses to return the elongation complex
bubble to a smaller size. It is logical to assume that accumulated
energetic stress is used to couple the energy of phosphoryl
transfer to driving timed promoter release.

In principle, this stress can come from several different
sources. First, the progressive increase in size of the melted
bubble surely requires energy. Second, the drawn in template
and nontemplate strands may undergo steric crowding or dis-
tortion. Third, the growing hybrid is blocked by an element of the
protein and must “push” that element aside (21, 24). Ascertaining
the relative roles of these processes in initial transcription
requires direct tests, by the introduction of controlled pertur-
bations into the system. In this study, we extend our earlier
studies in the T7 RNA polymerase single subunit model system
to the structurally unrelated multisubunit RNA polymerases,
specifically, to the multisubunit model E. coli RNA polymerase.

Role of Bubble Collapse—W e have previously presented evi-
dence that in T7 RNA polymerase, reannealing of the DNA
bubble at its downstream end contributes to instability of
halted complexes but does not drive the release of abortive
products during normal transcription (7, 33). The data pre-
sented in Fig. 1 demonstrate that in the multisubunit E. coli
RNA polymerase, removing this driving force by the introduc-
tion of mismatches similarly increases the stability of halted
complexes but does not systematically reduce abortive proba-
bilities during readthrough transcription. The results also argue
that collapse from the upstream end of the bubble similarly
does not drive abortive cycling. The results from mismatched
DNA constructs are supported by the observation in Fig. 24
that runoff transcription on partially single-stranded DNA,
which as noted above may yield a hybrid-gapped construct,
similarly shows no systematic reduction in abortive cycling.
Finally, in transcription from downstream fork junction con-
structs, shown in Fig. 4B, the lack of complementary upstream
DNA precludes any contribution from upstream bubble col-
lapse, yet abortive products persist.

Halted 8-mer transcription in the presence of GreB shows
accumulation of dinucleotides, as expected from backtracked
complexes. These dinucleotides are produced primarily from
backtracked 8-mer, as ascertained by differential labeling ([a-
32PJUTP and [a-**P]ATP) experiments, shown in Fig. 1B.
Observation of cleaved dinucleotides from dsDNA complexes,
as well as from complexes with mismatched DNA, shows that
downstream bubble collapse is not the major contributing fac-
tor in backtracking of abortive complexes. The results pre-
sented in Fig. 4E suggest only a minor role for downstream
bubble collapse in driving backtracking.

Neither Template Nor Nontemplate DNA Steric Scrunching
Drives Abortive Cycling—In the initial open complex, the tran-
scription bubble extends from position —11 to position +3, and
the nontemplate strand of the upstream end of the bubble inter-
acts with the o, , domain. This strong interaction, along with
other structural features of the core enzyme (19 -21), keeps the
upstream end of the bubble in position during initial promoter-
bound transcription (collapse of the upstream end of the bubble
on translocation beyond about position +10 facilitates the
proper displacement of the 5’ end of the RNA into the RNA exit
channel (50, 51)). Hence, as the RNA grows from two nucleo-
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tides to eight nucleotides long, the transcription bubble now
extends from position —11 to +8. It has been argued that this
causes the DNA strands to be compacted (“scrunched”) in the
active site channel, another potential source of mechanistically
relevant strain (16, 17).

The results of Fig. 2A argue against a role for nontemplate
strand scrunching in abortive instability, because complete
removal of large regions of the nontemplate strand do not
decrease abortive cycling of RNAs up to 8 bases in length. To
probe the role of single strand sterics in a more native environ-
ment, restoring the potential for downstream collapse, we
designed DNA constructs that relieve steric stress either by
nicking or gapping the nontemplate strand in the middle of the
transcription bubble (the potential for downstream bubble col-
lapse remains, although it could be altered by the increased
strand entropy). In this case, the nicks and gaps have no effect
on the stability of halted initiation complexes, as shown in Fig.
2C. Thus, the increased stability of halted complexes on par-
tially single-stranded DNA can be assigned to the removal of
downstream bubble collapse. Steric constraints within the non-
template strand play no role in complex instability.

Introducing a nick or a gap in the nontemplate strand also
shows backtracking similar to dsDNA, arguing against DNA
compaction as a contributing factor toward abortive backtrack-
ing. Halted 8-mer transcription in the presence of GreB shows
accumulation of pUpU (from backtracked 8-mer RNA) and
pUpA (from 6-mer RNA).

Finally, the fork junction constructs described in Fig. 44
completely remove steric constraints in the template strand
(binding of the nontemplate strand to the o, region might allow
retention of some steric constraints in the nontemplate strand).
Nevertheless, holoenzyme continues to show significant abor-
tive cycling. Together, the experiments with nicked and gapped
DNA and with fork junctions (lacking the template strand)
argue strongly against the steric scrunching of individual
strands as a major contribution to abortive cycling.

Hybrid Push Drives Backtracking and Abortive Cycling—
Crystal structures have revealed that during initial transcrip-
tion, the o, linker domain poses a steric obstruction to the
nascent RNA-DNA hybrid (19-21). Point mutations (P504L
and S506F) in the o , linker dramatically reduce the amounts
of abortive transcripts from a variety of promoters (18, 46, 52),
as does a more dramatic C-terminal truncation (20). It has been
proposed that the linker serves as a nucleic acid mimic, occu-
pying the RNA exit channel until it is displaced by nascent RNA
(19-21). Because it is directly connected to other regions of o,
particularly to region 2, which interacts with the promoter —10
element, displacement of the linker could lead directly to loss of
promoter contacts, triggering promoter release (21, 53). To the
extent that hybrid growth is driving an unfavorable process
(promoter release), that process then necessarily presents a bar-
rier to hybrid growth, destabilizing the RNA in initially tran-
scribing complexes.

The current results show that a single point mutation
(S506F) in the o subunit not only leads to reduced abortives, as
previously reported, but also to reduced GreB cleavage prod-
ucts, as presented in Fig. 3, A—C. A reduction in cleavage prod-
ucts indicates less backtracked RNA accessible to GreB cleav-
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FIGURE 5. Schematic representation of a transcription bubble showing
the energetics involved in an initially transcribing complex. Upstream
bubble collapse and DNA compaction play no role, although downstream
bubble collapse plays a minor role and hybrid-push a major role in abortive
cycling.

age. Transcription profiles with core RNA polymerase on fork
junction DNA, as shown in Fig. 4, confirm that the pushing of
the o linker on the nascent RNA-DNA hybrid makes the
enzyme backtrack, such that the 3" end of the RNA is accessible
to GreB cleavage. Removal of this push-back (as in the core
polymerase, lacking o) along with removal of downstream bub-
ble collapse (by introduction of a targeted mismatch in DNA)
dramatically reduces the accessibility of RNA to GreB cleavage,
as revealed in Fig. 4E.

The schematic shown in Fig. 5 summarizes the findings of
this study. Upstream bubble collapse and compaction/scrunch-
ing of either the single-stranded template or nontemplate
strands are not major driving forces for observed instability
(abortive cycling) of initially transcribing complexes. Collapse
of the bubble from the downstream end of the bubble contrib-
utes significantly to instability of halted complexes, but much
less so to transcribing complexes, and so it is at most a minor
contributor to abortive cycling. By contrast, pushing of the
hybrid against a mobile protein element (o5, in the bacterial
enzyme) results in substantially increased abortive instability
and is the primary energetic contributor to abortive cycling.

Mechanism for all RNA Polymerases—The B-finger element
in the TFIIB subunit of eukaryotic RNA polymerases, as well as
TEB of archaeal RNA polymerase, is thought to play a similar
role as the o, linker in bacterial RNA polymerase (49, 54, 55).
The single subunit RNA polymerase family (including T7 RNA
polymerase and mitochondrial RNA polymerases) has no
structural homology to the multisubunit enzymes. Neverthe-
less, the rotating N-terminal platform in these enzymes appears
to play a role identical in concept (but very different in detail) to
the o, linker, with the same consequence on abortive cycling.

In this general model, hybrid growth drives protein move-
ment, and that movement ultimately drives promoter release.
Mutations that lower the initial barrier to protein movement/
displacement necessarily stabilize the initially transcribing
complexes against abortive dissociation of the nascent RNA.
We have recently demonstrated exactly this effect in the T7
RNA polymerase point mutant P266L and have additionally
shown that this mutant is delayed (with respect to position/
hybrid length) in promoter release (25). Thus, the model in
which a protein element pushes back against the growing RNA-
DNA hybrid, leading to a direct destabilization of the ternary
complex, appears to be applicable to all RNA polymerases.
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Do single subunit RNA polymerases backtrack? From the
considerations above, a driving force clearly exists during initial
transcription. Although it has never been established that the
single subunit T7 RNA polymerase backtracks (there are no
known Gre factors to serve as probes), there is the possibility of
RNA extruding into the channel through which NTPs enter the
active site, just as in the multisubunit enzymes.

Similarities extend beyond simply abortive cycling. In both
the bacterial and eukaryotic RNA polymerases, the RNA exit
channel exists in the preinitiation complex, but it is not empty.
The B-reader/finger of TFIIB and TFB2 (general transcription
factors necessary to recruit RNA polymerase II and archaeal
RNA polymerase, respectively, to promoter DNA) occupy the
RNA exit channel (49, 54, 55). Similarly, the o, , domain occu-
pies the RNA exit channel in bacterial RNA polymerases (19,
20). As noted above, these elements are displaced by the nas-
cent RNA. Interestingly, in eukaryotic polymerase II, recent
structural data suggest the hybrid does not experience signifi-
cant clash until it reaches a much more stable length of about
12-13 bp, consistent with substantially lower abortives in that
system (56).

In the single subunit RNA polymerases, the basic story for
the transition to elongation is the same, although the details are
very different. In these RNA polymerases, the RNA exit channel
literally does not exist prior to the large conformational change
in the protein that follows promoter release. Thus, the RNA exit
channel only forms after (or coincident with) dissociation of the
5’ end of the RNA from the hybrid. In all systems, nature has
avoided having an “empty” RNA exit channel during initial
transcription.

In summary, it appears that in all promoter-specific DNA-
dependent RNA polymerases, nature has coupled the only
energy source, nucleotide addition, to driving the timed disrup-
tion of promoter contacts. This study provides strong support
for a model in which the hybrid is used as a mechanical “rod” to
drive disruption of protein-protein and protein-DNA interac-
tions to weaken promoter binding. However, a logical conse-
quence of that use is that the hybrid rod can itself be destabi-
lized either directly and/or by the shortening of the hybrid
that correlates with induced backtracking. Thus, abortive
cycling is a logical outcome of the need to couple the energy
of nucleotide addition to driving the timed release of initial
promoter contacts.
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