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REPORTS

Initial Transcription by RNA
Polymerase Proceeds Through a
DNA-Scrunching Mechanism

Achillefs N. Kapanidis,“*t Emmanuel Margeat,"* Sam On Ho," Ekaterine Kortkhonjia,*>

Shimon Weiss,'t Richard H. Ebright3t

Using fluorescence resonance energy transfer to monitor distances within single molecules of
abortively initiating transcription initiation complexes, we show that initial transcription proceeds
through a “scrunching' mechanism, in which RNA polymerase (RNAP) remains fixed on promoter
DNA and pulls downstream DNA into itself and past its active center. We show further that putative
alternative mechanisms for RNAP active-center translocation in initial transcription, involving
“transient excursions” of RNAP relative to DNA or “inchworming” of RNAP relative to DNA, do not
occur. The results support a model in which a stressed intermediate, with DNA-unwinding stress
and DNA-compaction stress, is formed during initial transcription, and in which accumulated stress
is used to drive breakage of interactions between RNAP and promoter DNA and between RNAP and

initiation factors during promoter escape.

ranscription initiation is the first, and the
I most highly regulated, process in gene
expression. In the first steps of transcrip-
tion initiation, RNAP binds to promoter DNA
and unwinds ~14 base pairs (bp) surrounding the
transcription start site to yield a catalytically
competent RNAP-promoter open complex
(RP,) (/-3). In subsequent steps of transcription
initiation, RNAP enters into initial synthesis of
RNA as an RNAP-promoter initial transcribing
complex (RPy,), typically engaging in abortive
cycles of synthesis and release of short RNA
products, and, on synthesis of an RNA product
of ~9 to 11 nucleotides (nt), breaks its inter-
actions with promoter DNA, breaks or weakens
its interactions with initiation factors, leaves the
promoter, and enters into processive synthesis of
RNA as an RNAP-DNA elongation complex
(RD,) (1)

The mechanism by which the RNAP active
center translocates relative to DNA in initial
transcription has remained controversial. DNA-
footprinting results indicated that, surprisingly,
the upstream boundary of the promoter DNA
segment protected by RNAP is unchanged in
RP; as compared with RP, (5—7). To reconcile
the apparent absence of change in the upstream
boundary of the promoter DNA segment pro-
tected by RNAP in RP;, with the documented
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ability of RP;, to synthesize RNA products up
to ~9 to 11 nt in length, three models have been
proposed (Fig. 1A) (4-8) [See also proposals for
structurally unrelated single-subunit RNAP in
(9-15).]

The first model, termed “transient excur-
sions,” invokes transient cycles of forward and
reverse translocation of RNAP (Fig. 1A, top)

Fig. 1. Background and experimental A
approach. (A) Background. Three models
have been proposed for RNAP active-
center translocation during initial tran- |
scription [(4—8); see also (9—15)]: transient 35
excursions, inchworming, and scrunching.
White circles, RNAP active center; red
dashed lines, RNA; black rectangles:
promoter —10 and —35 elements. (B) Ex-
perimental approach. (Top) Use of confocal
microscopy with ALEX (19-21) to monitor
fluorescence of single transcription com-
plexes. Single transcription complexes
labeled with a fluorescent donor (D, green)

forward/reverse translocation ("transient excursions")

flexible element in DNA ("scrunching")

(5). According to this model, in each cycle of
abortive initiation, RNAP translocates for-
ward as a unit, translocating 1 bp per phos-
phodiester bond formed [as in elongation;
see (/6)]; on release of the abortive RNA,
RNAP reverse-translocates as a unit, regen-
erating the initial state. According to this
model, the cycles of forward and reverse
translocation are so short in duration and so
infrequent in occurrence that, although they
occur, they are not detected by a time-
averaged, population-averaged method such
as DNA-footprinting.

The second model, termed “inchworming,”
invokes a flexible element in RNAP (Fig. 1A,
middle) (6, 7). According to this model, in each
cycle of abortive initiation, a module of RNAP
containing the active center detaches from the
remainder of RNAP and translocates down-
stream, translocating 1 bp per phosphodiester
bond formed; on release of the abortive RNA, this
module of RNAP retracts, regenerating the initial
state.

The third model, termed “scrunching,”
invokes a flexible element in DNA (Fig. 1A,
bottom) [(4, 3, 8); see also (9—15)]. According
to this model, in each cycle of abortive
initiation, RNAP pulls downstream DNA
into itself, pulling in 1 bp per phosphodiester
bond formed and accommodating the ac-
cumulated DNA as single-stranded bulges
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each molecule is illuminated with light
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length that excites the donor and a

wavelength that excites the acceptor. For

each single molecule, and for each excita-

tion wavelength, fluorescence emission is

detected at both donor and acceptor

emission wavelengths. This configuration =~ NTP subset RNA product compiex:

permits calculation of two parameters: the ~ RPO+APA Al (abortive) APite.=3

donor-acceptor stoichiometry parameter, 5,  Fro*APAUTPIGTP — AAUUGUG (shortive) o
RPo + ApA/all NTPs AAUUGUGAGLC.... (productive) RDez11

and the observed efficiency of the donor-

acceptor energy transfer, £* (19-21). The parameter S permits identification of molecules containing both
donor and acceptor (S = 0.4 to 0.9; desired species; boxed in blue), molecules containing only a donor (S >
0.9; undesired species, arising from the presence of free o"° molecules and buffer impurities), and molecules
containing only an acceptor (S < 0.4; undesired species, arising from the dissociation of nonspecific complexes
after heparin challenge). Subsequent analysis is performed only on molecules containing both donor and
acceptor. (Bottom) Nucleoside triphosphate (NTP) subsets and corresponding RNA products and complexes.
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within the unwound region; on release of
the abortive RNA, RNAP extrudes the accu-
mulated DNA, which regenerates the initial
state.

The three models are not necessarily mu-
tually exclusive; in principle, combinations of
mechanisms may be used, or different mech-
anisms may be used at different stages of
initial synthesis (e.g., one for synthesis of
short RNA products, and another for synthesis
of longer RNA products).

In this work, we have directly tested the
predictions of the three models in Fig. 1A by
monitoring distances within single molecules
of RP, and RP;, (/7). We used fluorescence
resonance energy transfer (FRET) (/8) to mon-
itor distances between fluorescent donors and
acceptors incorporated at specific sites within
RNAP and DNA. We used confocal optical
microscopy with alternating-laser excitation
(ALEX) (19-21) to detect and to quantify
fluorescence of single molecules in solution
transiting a femtoliter-scale observation vol-
ume (Fig. 1B, top left). For each such single
molecule, we extracted the donor-acceptor
stoichiometry parameter, S, and the observed
efficiency of donor-acceptor energy transfer,
E* (Fig. 1B, top right). We analyzed Esche-
richia coli RNAP holoenzyme (RNAP core in
complex with the initiation factor 6°) (/-3) and
a consensus E. coli promoter (lacCONS) (22)
(fig. S1).

We performed four sets of experiments to
assess the following: (i) movement of the RNAP
leading edge relative to DNA; (ii) movement of

the RNAP trailing edge relative to DNA; (iii)
expansion and contraction of RNAP; and (iv)
expansion and contraction of DNA. In each
case, we performed measurements with RP,
containing the initiating dinucleotide ApA
[RP, + ApA, referred to hereafter as RP,
(Fig. 1B, bottom)] and with RP;,. engaged in
iterative abortive synthesis of RNA products
up to 7 nt in length [RPj, <7; prepared by
addition of UTP and GTP to RP, (Fig. 1B,
bottom)].

To assess possible movement of the RNAP
leading edge relative to downstream DNA in
initial transcription, we monitored FRET be-
tween a fluorescent donor incorporated at the
RNAP leading edge (6”° residue 366, located in
oR2, the 6”° domain responsible for recognition
of the promoter —10 element) and a fluorescent
acceptor incorporated at a site in downstream
DNA (position +20) (Fig. 2A). The results in-
dicated that, on transition from RP, to RP;j. <7,
the mean observed efficiency E* significantly
increases, which implies that the mean donor-
acceptor distance, R, significantly decreases
(Fig. 2A, right). The quantitative increase in
mean E* corresponds to a decrease in mean R
of ~7 A (Fig. 2A, right; table S1). Parallel
experiments performed using a donor incorpo-
rated at a different site at the RNAP leading
edge (6 residue 396, also located in 6R2), or
using an acceptor incorporated at a different
site in downstream DNA (position +15 or
position +25), also showed decreases in mean
donor-acceptor distance [decreases of ~5 to
~16 A (fig. S2)]. Control experiments per-

RPo

E*=25%
R=T1A
decreased

RPite<7 distance

E*=32%
R=64A

scrunching

Fig. 2. Initial transcription does not involve transient excursions. (A)
Experiment documenting movement of the RNAP leading edge relative to
downstream DNA [tetramethylrhodamine as donor at 6° residue 366 (located
in oR2, the ¢’° domain responsible for recognition of the promoter —10
element); Cy5 as acceptor at DNA position +20]. (Top left) Structural model of
RP, (28) showing positions of donor (green circle) and acceptor (red square).
RNAP core is in gray; ¢'° is in yellow; the DNA template and nontemplate
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formed in the presence of rifampicin, an in-
hibitor that blocks synthesis of RNA products
>2 nt in length (23), showed that the observed
decreases in mean donor-acceptor distance
required synthesis of RNA products >2 nt
in length (fig. S3). We infer that the RNAP
leading edge translocates relative to down-
stream DNA in initial transcription. Further-
more, we infer that, during initial transcription
with these reagents and reaction conditions,
complexes predominantly occupy states in
which the RNAP leading edge is translocated
relative to downstream DNA, not states in
which the RNAP leading edge is positioned as
in RP,. This implies that the rate-limiting step
in initial transcription with these reagents and
reaction conditions is abortive-product release
and RNAP active-center reverse-translocation
[see also (24)]. The finding that the RNAP
leading edge translocates relative to down-
stream DNA is consistent with the predictions
of all three models for initial transcription
(Figs. 1A and 2A). The finding that RNAP
predominantly occupies states in which the
RNAP leading edge is translocated is incom-
patible with, or at least problematic for, the
transient-excursion model, which invokes
translocated states that are short in duration
and infrequent in occurrence.

To assess possible movement of the RNAP
trailing edge relative to upstream DNA in initial
transcription, we monitored FRET between a
fluorescent donor incorporated at the RNAP
trailing edge (¢”° residue 569, located in oR4,
the 6’° domain responsible for recognition of the

2 120{ RPy
E*= 66%
% "R=50A

o 160

no change

RPie=7
2 g E*= 67%
R=50A
-I'l ] 02 04 (K] 0B 10

: 3, increased

gnce

subset

"\ no change

no change

strands are in red and pink, respectively. (Top right) £* histograms for RP, and
RPic <7. The vertical line and vertical dashed line mark mean E* values for RP,
and RPy.;, respectively. (Bottom) Predictions of the three models. (B)
Experiment documenting absence of movement of the RNAP trailing edge
relative to downstream DNA [tetramethylrhodamine as donor at ”° residue
569 (located in 6R4, the 6”° domain responsible for recognition of the promoter
—35 element); Cy5 as acceptor at DNA position —39]. Subpanels as in (A).
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promoter —35 element) and a fluorescent ac-
ceptor incorporated at a site in upstream DNA
(position —39) (Fig. 2B). In this case, the results
indicated that, on transition from RP,, to RP;. <7,
mean E£* remains unchanged (Fig. 2B, top
right), which implies that the mean donor-
acceptor distance remains unchanged. Parallel
experiments performed using a donor incor-
porated at a different site at the RNAP trailing
edge (0'° residue 596, also located in oR4)
also imply that the mean donor-acceptor dis-
tance remains unchanged (fig. S4). Control
experiments showed that our probe sites are
well positioned to detect a translocation-

dependent change in mean donor-acceptor
distance and would detect a change if it
occurred (fig. S5). We infer that the RNAP
trailing edge does not translocate relative to
upstream DNA in initial transcription. Spe-
cifically, we infer that the ¢’° domain that
interacts with promoter —35 element does not
alter its interactions with DNA in initial
transcription. This is true even for reaction
conditions where it can be shown that the
RNAP leading edge translocates relative to
downstream DNA (Fig. 2A). These findings
are inconsistent with the fundamental prediction
of the transient-excursions model; that is, any

molecule having the RNAP leading edge trans-
located relative to DNA also must have the
RNAP trailing edge translocated relative to
DNA (Figs. 1A and 2B). We conclude that
initial transcription does not involve transient
excursions.

To assess possible expansion and contrac-
tion of RNAP in initial transcription, we first
monitored FRET between a fluorescent donor
incorporated at the RNAP leading edge (¢”°
residue 366, located in oR2, and shown in
Fig. 2A to translocate relative to downstream
DNA) and a fluorescent acceptor incorporated
at a site in —10/-35 spacer DNA (position —20)

E'= 45%
/ \: 63A

no change

inchwor ming

increased
ce

35
scrunching

no change

-35 -10
+1

Fig. 3. Initial transcription does not involve inchworming. (A) Experiment
documenting absence of movement of the RNAP leading edge relative to
—10/-35 spacer DNA [tetramethylrhodamine as donor at ¢’° residue 366
(located in 6R2, the 6”° domain responsible for recognition of the promoter
—10 element); Alexa647 as acceptor at DNA position —20]. Subpanels as in

decreased
distance

:
3
g

number of molecules
2o 2 B
amz
e

>3

a® 2
>

distance

Fig. 4. Initial transcription involves scrunching. (A) Experiment document-
ing contraction of DNA between positions —15 and +15 [Cy3B as donor at
DNA position —15; Alexab47 as acceptor at DNA position +15]. Subpanels
as in Fig. 2A. [The two donor-acceptor species in the £* histograms comprise
free DNA (lower-£* species) and RP, or RP;; (higher-E* species; higher
FRET attributable to RNAP-induced DNA bending)]. Free DNA is present in
all experiments, arising from dissociation of nonspecific complexes after
heparin challenge during preparation of RP,, but is detected only in this
experiment, because DNA contains both donor and acceptor only in this

17 NOVEMBER 2006 VOL 314

[ Rp,

i
-

no change
% .ol RPic7 B

0{ R=59A

inchwor ming
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-35 E

scrunching
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Fig. 2A. (B) Experiment documenting absence of movement of the RNAP
trailing edge relative to —10/—35 spacer DNA [tetramethylrhodamine as
donor at ¢° residue 569 (located in oR4, the ¢’° domain responsible for
recognition of the promoter —35 element); Alexa647 as acceptor at DNA
position —20]. Subpanels as in Fig. 2A.

unchanged distances

=== decreased distances

experiment. (B) Summary of results. Structural model of RP, (28) showing
all donor-acceptor distances monitored in this work (Figs. 2 to 4A and figs.
S2 to S8). Distances that remain unchanged on transition from RP, to
RPi«,<7 are indicated with thin blue lines. Distances that decrease on
transition from RP, to RPy -7 are indicated with thick blue lines. The red
and pink arrows show the proposed positions at which scrunched template-
strand DNA and scrunched nontemplate-strand DNA, respectively, emerge
from RNAP (i.e., near template-strand positions —9 to —10 and near
nontemplate-strand positions —5 to —6).
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(Fig. 3A). In this case, the results indicated
that, on transition from RP, to RPj <7, mean
E* remains unchanged (Fig. 3A, top right),
which implies that the mean donor-acceptor
distance remains unchanged. Parallel experi-
ments performed using a donor incorporated at
a different site at the RNAP leading edge [¢”°
residue 396, also located in oR2, and also
shown (in fig. S2) to translocate relative to
downstream DNA] also imply that the mean
donor-acceptor distance remains unchanged
(fig. S6). We next monitored FRET between a
fluorescent donor incorporated at the RNAP
trailing edge (o'° residue 569 or ¢’° residue
596, located in oR4) and a fluorescent
acceptor incorporated at a site in the —10/-35
spacer DNA (position —20) (Fig. 3B and fig.
S6). In this case also, the results indicated that,
on transition from RP, to RPj. 7, mean E*
remains unchanged (Fig. 3B and fig. S6),
which implies that the mean donor-acceptor
distance remains unchanged. We infer that
RNAP does not expand or contract in initial
transcription. Furthermore, we infer that the
leading edge of RNAP does not translocate
relative to DNA upstream of the unwound
region—even under reaction conditions where
we have shown that the RNAP leading edge
translocates relative to downstream DNA (Fig.
2A). These findings are inconsistent with the
fundamental prediction of the inchworming
model: namely, any molecule having the
RNAP leading edge translocated relative to
downstream DNA also must have the RNAP
leading edge translocated relative to DNA
upstream of the unwound region (Figs. 1A
and 3A). We conclude that initial transcription
does not involve inchworming.

To assess possible expansion and contrac-
tion of DNA in initial transcription, we
monitored FRET between a fluorescent donor
incorporated at a site in —10/~35 spacer DNA
(position —15) and a fluorescent acceptor
incorporated at a site in downstream DNA
(position +15) (Fig. 4A). The results indicated
that, upon transition from RP, to RPj <7, mean
E* significantly increases (Fig. 4A, top right),
which implies that the mean donor-acceptor
distance, mean R, significantly decreases. The
quantitative increase in mean £* corresponds to
a decrease in mean R of ~4 A (Fig. 4A, top
right). Additional experiments performed using
an acceptor incorporated at a different site in
downstream DNA (position +20) also showed a
decrease in mean donor-acceptor distance (de-
crease of ~6 A; fig. S7). Control experiments
performed in the presence of rifampicin showed
that the observed decreases in mean donor-
acceptor distance required synthesis of an RNA
product >2 nt in length (fig. S8). We infer that
the DNA segment between —10/-35 spacer
DNA and downstream DNA contracts in initial
transcription. These findings document the
fundamental prediction of the simplest ver-
sion of the scrunching model; that is, any

www.sciencemag.org SCIENCE VOL 314

molecule having the RNAP leading edge
translocated relative to downstream DNA
also must have contraction—scrunching—of
the DNA segment between —10/-35 spacer
DNA and downstream DNA (Figs. 1A and 4A).
We conclude that initial transcription involves
scrunching.

We note that all measured distances between
RNAP and upstream DNA or —10/~35 spacer
DNA remain unchanged on transition from RP,,
to RPj. <7, (Fig. 4B, thin blue lines), whereas all
measured distances between RNAP and down-
stream DNA, or between the —10/-35 spacer and
downstream DNA, decrease on transition from
RP, to RP; <7, (Fig. 4B, thick blue lines). We
infer that DNA scrunching occurs exclusively
within the DNA segment comprising positions
—15 to +15. This DNA segment contains the
unwound region (“transcription bubble”) and,
in structural models of RP, (22, 25-28), is
located within and immediately upstream of the
RNAP active-center cleft. Inspection of struc-
tural models of RP, and RD. (22, 25-29)
indicates that there is insufficient space within
the RNAP active-center cleft to accommodate
scrunched DNA and that scrunched DNA
instead must emerge from RNAP into bulk
solvent immediately upstream of the RNAP
active-center cleft. Although the locations at
which scrunched DNA emerges are not known,
we propose that the scrunched template DNA
strand and nontemplate DNA strand emerge at
or near the points where the respective DNA
strands normally emerge from RNAP immedi-
ately upstream of the RNAP active-center cleft;
that is, at or near positions —9 to —10 of the
template strand and positions —5 to —6 of the
nontemplate strand (Fig. 4B, red and pink
arrows).

The results in this paper and in the compan-
ion paper (30) establish that initial transcription
involves DNA scrunching. In contrast, proces-
sive transcription elongation involves simple
translocation, not DNA scrunching [(/6); see
also (/9)]. Thus, there is a fundamental dif-
ference in the mechanisms of RNAP active-
center translocation in initial transcription and
processive transcription elongation.

The results in this paper and in the compan-
ion paper (30) provide strong support for
existence of a “stressed intermediate” in initial
transcription (4, 6), specifically a stressed inter-
mediate with accumulated DNA-scrunching stress
(DNA-unwinding stress and DNA-compaction
stress). We postulate that the accumulated
DNA-scrunching stress in the stressed inter-
mediate provides the driving force for abortive
initiation and also provides the driving force
for promoter escape and productive initiation.
Thus, we postulate that the accumulated DNA-
scrunching stress in the stressed intermediate
can be resolved in two ways: either (i) by
releasing the RNA product, retaining interac-
tions with promoter DNA, retaining inter-
actions with initiation factors, retaining an

REPORTS

unchanged position of the RNAP trailing edge,
extruding scrunched DNA, and re-forming RP,
(abortive initiation); or (ii) by retaining the RNA
product, breaking interactions with promoter
DNA, breaking interactions with initiation fac-
tors, translocating the RNAP trailing edge, and
forming RD, (promoter escape and productive
initiation).
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