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ABSTRACT

In many cases, initiation is rate limiting to transcription. This due in part to the multiple cycles of
abortive transcription that delay promoter escape and the transition from initiation to
elongation. Pausing of transcription in initiation can further delay promoter escape. The
previously hypothesized pausing in initiation was confirmed by two recent studies from Duchi
et al." and from Lerner, Chung et al.? In both studies, pausing is attributed to a lack of forward
translocation of the nascent transcript during initiation. However, the two works report on
different pausing mechanisms. Duchi et al. report on pausing that occurs during initiation
predominantly on-pathway of transcript synthesis. Lerner, Chung et al. report on pausing during
initiation as a result of RNAP backtracking, which is off-pathway to transcript synthesis. Here, we
discuss these studies, together with additional experimental results from single-molecule FRET
focusing on a specific distance within the transcription bubble. We show that the results of
these studies are complementary to each other and are consistent with a model involving two
types of pauses in initiation: a short-lived pause that occurs in the translocation of a 6-mer
nascent transcript and a long-lived pause that occurs as a result of 1-2 nucleotide backtracking
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of a 7-mer transcript.

Prolonged periods during which RNA polymerase
(RNAP) resides in a specific state can be used for effi-
cient control and regulation of DNA transcription.
This drives us to study the slow processes that limit
the overall rate of transcription.

Transcription is generally divided into three major
stages: initiation, elongation and termination, where
initiation is usually the rate-limiting stage. Initiation
can be further divided into sub-stages.>* First, the
RNA polymerase (RNAP) holoenzyme is formed by
the association of the core enzyme (subunit composi-
tion a,,B,8 ,w) with the specificity subunit o. Different
o factors recognize specific promoter sequences of
various groups of genes. The major o factor in Escheri-
chia coli, 70, is responsible for recognition of
promoters for house-keeping genes. After association
with the RNAP holoenzyme, 070 binds to the
promoter DNA to form the RNAP promoter closed
complex (RPc), which involves binding at two
hexamer sequences centered around positions —10

and —35 relative to the 41 transcription start site.
After binding to the promoter, RNAP forms the
RNAP promoter open complex (RPo) through succes-
sive isomerization steps.”® During this process around
13 bp of DNA (from registers —11 to +2) must melt
to form the transcription bubble. The sequence of the
template strand of the transcription bubble serves as a
reading guide for the polymerization of an RNA tran-
script through base complementation. The two most
downstream DNA bases in the template strand of the
transcription bubble are coordinated with the active
site of RNAP, where the addition of NTPs into the 3’
end of the nascent transcript occurs. The downstream
fork of the transcription bubble is located near the
active site, facing the RNAP secondary channel,
through which NTP substrates enter.” The upstream
fork of the transcription bubble is located between
070 regions 2 and 3. In initiation, the entrance to the
exit channel is blocked by the acidic tip of the o finger
domain (region 3.2, oR3.2), while the exit out of the
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channel is blocked by o region 4 (¢0R4). Structural and
biochemical data indicate that RNAP transition to
elongation requires a substantial spatial rearrange-
ment of several RNAP domains, including the opening
of the B’ clamp and f flap,*® and the displacement of
oR3.2 and oR4 from the exit channel.” It has been
suggested that this rearrangement leads to destabiliza-
tion of o-promoter and o-RNAP interactions, thereby
facilitating transcript elongation and promoter
escape.'” Promoter escape is considered to be the
main rate-limiting step in initial transcription, after
RPo formation.

Initial transcript synthesis occurs via a DNA
scrunching mechanism, whereby downstream dsDNA
is reeled into the transcription bubble by promoter-
bound RNAP, enabling incorporation of NTPs into
the growing nascent transcript.'"'> DNA scrunching
leads to melting of dsDNA downstream to the bubble.
However, in initiation, the upstream fork of the bubble
is held tightly by interactions with oR2 and oR3. This
leads to a net increase in the size of the transcription
bubble in initiation, resulting in the formation of what
is better known as a “stressed intermediate.”'>'* In
this intermediate, each increase in bubble size is ener-
getically compensated by an increase in the number of
transcript bases hybridized to the template strand.
Still, this complex is considered “stressed” due to the
additional space inside the RNAP-promoter complex
that has to be allocated for the DNA bases added into
the bubble by scrunching. As initial transcription pro-
ceeds, the nascent transcript grows longer with its 5’
end approaching the negatively charged tip of the o
finger.">'® The resulting clash is assumed to trigger
the removal of the exit channel blockage, inducing
promoter escape.'”">'”'® Nevertheless, the stronger
the affinity of o to the promoter, the more probable
this encounter will not lead to the additional forward-
translocation required to remove the o finger blockage
from the exit channel. Instead, this may lead to succes-
sive back-translocation of the downstream fork with
concomitant shrinking of the bubble and extrusion of
the short nascent RNA through the secondary chan-
nel, ultimately resulting in abortive transcript
release.'”** After release, the complex reverts to the
RPo state for another attempt of RNA synthesis.'***"
%> Multiple cycles of abortive transcription may occur
until the exit channel blockage is successfully
removed, enabling the transition to elongation and
the production of full RNA transcripts. Until recently,
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the conventional view was that promoter escape is a
rate-limiting step in transcription due to multiple
abortive initiation cycles, where each cycle of abortive
release could be rapid.'****®* However, experimental
data indicate that the release of abortive transcripts is
relatively slow, which may impede each single abortive
cycle.*>** This calls for a thorough investigation of the
abortive release process.

The crystal structures of transcription initiation
complexes carrying a nascent transcript of 4-5 nucleo-
tides,'® and up to 6 nucleotides in length® have been
obtained. Structural analysis of the transcription bub-
ble and the nascent transcript in these complexes
suggests that, starting from a 5-mer nascent transcript,
a steric clash forms between the acidic tip of the o fin-
ger and the phosphates of the 5 end of the nascent
transcript.'®”" The steric clash and the electrostatic
repulsion between the two negatively charged groups
grows larger the closer they get.'™>'”'® Repulsive
forces may lead to the expulsion of the o finger,
elimination of the blockage of the entrance into the
RNA exit channel and may induce subsequent disrup-
of o-promoter interactions. Alternatively,
repulsion between the groups may push the nascent
transcript that leads to DNA anti-scrunching with
concomitant back-translocation of the nascent tran-
script and extrusion of the RNA 3’ end into the

tion

secondary channel. Successive back-translocation
steps ultimately lead to abortive release. However, in
each step of back-translocation, the distance between
the 5 end of the nascent transcript and the acidic tip
of the o finger increases, reducing the steric and elec-
trostatic repulsions between the two groups. In the
presence of other stabilizing interactions, the back-
tracked transcript may be temporally stabilized in the
complex instead of being immediately released
through the secondary channel. The backtracked
nascent RNA may be stabilized, for instance, through
electrostatic attraction between the phosphate groups
of the extruded portion of nascent RNA and the
positively charged surface of the secondary channel. as
access of new NTPs into the active site is blocked by
the extruded RNA, this stabilization may lead to
transcriptional pausing. Additionally, structural data
suggests the non-electrostatic interactions between the
5" end nucleotide and acidic tip of the o finger may
actually contribute to stabilization of the nascent
transcript in the complex.'®* Pausing in initiation
may also occur without backtracking. As the nascent
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transcript grows beyond the length of 6- or 7-mer, the
electrostatic and steric repulsion forces may also
impede the movement of the nascent transcript from
pre-translocated to post-translocated states.

Experimental evidence of pausing during
transcription initiation

In elongation, transcriptional pausing due to back-
tracking has been extensively characterized both in
vitro and in vivo."”***° Pausing and backtracking
were hypothesized to occur in initiation, based on the
observations of initiation stalling,25 29
promoter clearance by GreA and GreB, and the sus-
ceptibility of abortive transcripts to cleavage by Gre
factors.”'*'**7** Recently, using different experimen-
tal approaches, Duchi et al." and Lerner, Chung et al.”
have provided direct evidence of E. coli RNAP tran-
scription pausing during initiation at a modified lac

enhancement of

promoter, lacCONS.** Lerner, Chung et al. measured
the kinetics of single-round transcription reactions
with unlabeled reconstituted RNAP holoenzyme and
promoter DNA free in solution. They observed that
formation of a full-length transcript starting from a
late initiation stage (e.g., initially transcribing RNAP
promoter complex, ITC, synthesizing abortive tran-
scripts of up to 7 nucleotides (nt) in length, RPrc< 7)
was delayed as compared with transcription starting
from early initiation stages (order of delays: RPirc< ,
> RPrrc< 6 > RPrrc< 4 > RPrrc = 2). The average
delay in transcription kinetics was several minutes.
These results implied on transcriptional pausing, asso-
ciated with certain states in initiation. At the lacCONS
promoter, transition to elongation occurs when the
transcript reaches a length of 11 nt;>**** therefore,
RPirc< 7 RPrrc< 6 RPrre< 4 and RPprc — , states exist
during initiation. Control experiments showed that
the kinetics of a single-round run-off transcription
reaction starting from an early elongation complex
carrying an 11l-mer transcript (RDg;;) was almost
identical to that starting from an early initiation com-
plex (RPr¢ — »). One possible explanation for these
observations was that transcriptional pausing occurs
due to backtracking. Lerner, Chung et al. also found
that the transcriptional pausing reported above is
reduced in the presence of GreA. In elongation, tran-
script cleavage factors GreA and GreB catalyze hydro-
lysis of the 3'-terminal portion of the nascent
transcript that has backtracked into the secondary

channel.*®*° This action of Gre factors enables re-
association of the newly generated RNA 3’-terminus
with the active site, thus rescuing RNAP from the
paused-backtracked state and ultimately increasing
transcription activity. Gre factors act by inserting their
coiled-coil domain into the RNAP secondary channel.
Two acidic residues in the tip of the coiled-coil loop
stabilize the 3" end of the backtracked transcript and
coordinate the essential Mg>" ion at the RNAP active
site, catalyzing the endonucleolytic reaction. Under
the assumption that GreA acts by the same mecha-
nism in initiation and in elongation, Lerner, Chung
et al. concluded that the observed delay in the synthe-
sis of the full-length transcript is due to backtracking-
associated pausing during transcription initiation.
Moreover, the observed abortive transcripts produced
by RPirc< 7 in the absence of GreA included 5-, 6-
and 7-mer RNAs, whereas abortive transcripts pro-
duced in the presence of GreA contained mostly a 6-
mer RNA and only trace amounts of 5-mer and 7-
mer RNAs. These results suggested that GreA pro-
moted cleavage of 1-2 backtracked nucleotides. As
stated above, a stabilizing interaction between the 5'-
terminal nucleotide and the tip of the o finger has
been proposed based on the analysis of one of the
structures of the initiation complex.'® If backtracking
does occur, transcripts carrying a 5 OH group are
expected to back-translocate due to steric clash with
the o finger, while transcripts carrying a negatively
charged triphosphate group at the 5" end are expected
to be even further back-translocated due to electro-
static repulsion by the acidic tip of the o finger. Inter-
estingly, Lerner, Chung et al. have shown that the
delay in transcription starting from RPrc< 7 was lon-
ger when the 5" end of the transcript contained a tri-
phosphate group (5'-priming of transcription with
PPPApPA), compared with when it contained an
uncharged OH group (5'-priming with ApA) (see
Supplementary information in Ref. 2). This observa-
tion suggested that the forces that induce backtrack-
ing are both steric and electrostatic. At the same
time, the contribution of the stabilizing interaction
between the tip of the o finger and the 5'-terminal
nucleotide of the nascent transcript (deduced from
the crystal structure'®) may still occur but to a lesser
extent.

These experiments were performed using a partial
set of NTPs that only allowed formation of RPipc< 7. It
was crucial to examine the phenomenon of pausing in



initiation with all four NTPs at concentrations compa-
rable to physiologic NTP pools (under standard condi-
tions, 0.1-1.0 mM).”! In addition, the abovementioned
experiments provided an indirect evidence for pausing
due to backtracking in transcription initiation.
Single-molecule experiments offer direct observa-
tion of biochemical events with individual molecules.
To follow the actual progression of transcription com-
plex from initiation to elongation, Lerner, Chung et al.
tracked the size of the transcription bubble of individ-
ual DNA molecules in real-time. They used a mag-
netic tweezers assay, which applies tension on and
tracks the height of a magnetic bead attached to a sur-
face-tethered DNA carrying the lacCONS promoter
sequence. In this assay, the dsDNA is negatively
supercoiled to a given level by rotating the magnetic
bead. This supercoiling forms plectonemes in the
DNA. In this mode of supercoiling, melting of base
pairs induces an increase in the number of plecto-
nemes, lowering in the height of the bead. Therefore,
the height of the bead is a direct measure of the num-
ber of melted bases involved in the transcription bub-
ble. When DNA is free and not bound to RNAP, no
DNA bubble is formed, setting a maximum bead
height. Bubble opening during transcription lowers
the bead height and upon initiation, DNA scrunching
leads to increase in bubble size and further lowers
bead height. Unlike in initiation, the bubble size is
minimal in elongation and bead height increases (but
not up to the level of an unbound DNA) for a short
time, because elongation is fast.”>> If backtracking
occurs during initiation, back-translocation leads to
anti-scrunching, which in turn leads to decrease in
bubble size. This should lead to a decrease in bubble
size relative to scrunched bubble size in initiation but
not as small a bubble size as in elongation, leading to a
bead higher than in scrunching in initiation but lower
than in elongation. Additionally, if the backtracked
state is associated with pausing, dwell time in this state
is expected to be longer than in the scrunched initia-
tion state. This assay allowed Lerner, Chung et al. to
observe traces of bead height as a function of time,
corresponding to states of the DNA bubble during a
complete transcription cycle from free DNA, to initia-
tion, elongation, and back to free DNA. When GreA
was present, initiation-associated dwells were short-
lived (350 & 30 s) and had a minimal bead height
compatible with maximal bubble size (16.2 &+ 0.2 bp).
However, in the absence of GreA, a nonnegligible
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portion of initiation-associated dwells was long-lived
(4,600 £ 2,700 s) and had transcription bubbles with
decreased sizes (80% with 14.8 £ 0.4 bp and 20% with
9.9 £ 0.3 bp). These results suggested direct evidence
of pausing in transcription initiation associated with
backtracking.

Although magnetic tweezer transcription assays
allow the observation of full transcription cycles at the
single-molecule level for long periods of times
(~10,000 s per molecule on average), they require
molecule-by-molecule measurement, which makes
accumulating statistics from many single molecules
time consuming. In addition, the time resolution for
the observation of bubble size-associated transitions is
1 s (average of 31 Hz), which precludes fast kinetic
analysis. An alternative method of following transcrip-
tion of single molecules in real-time by changes in the
bubble size is by monitoring changes in FRET effi-
ciency between two fluorescent dyes, placed at posi-
tions upstream and downstream from the bubble.
Duchi et al. performed such experiments and their
results are quite intriguing. Upon supplying the partial
set of NTPs that allows reaching RPirc< 7, they
observed transcriptional pausing that lasts on average
20 s in a state where the size of the bubble corresponds
to a scrunched initiation complex carrying a 6-mer
transcript (RPrrc — ). The size of this bubble can also
correspond to a complex carrying a 7-mer transcript
(RPyrc = 7) after one nucleotide backtracking. In both
states, six DNA bases are scrunched into the bubble
(RPpubble — 6)- In some of the FRET traces, Duchi et al.
observed long dwell times in RPpypple — ¢ following
short excursions of 5 s on average into RPpyppie = 7
which the authors referred to as pausing after back-
tracking. In single-molecule FRET (smFRET), one of
the main limitations is that single-molecule observa-
tion times are limited by fluorophore photobleaching.
In cases of states with dwell times longer than the
available observation time, this may lead to observa-
tion of FRET states without a characterized dwell
time. Some of the traces were long enough (400 s) to
suggest pausing at RPp,ppie — ¢ for times longer times
(> 400 s). While 55% of these long smFRET traces
have shown both fast (~8 s) and slow (~55 s) cycling
between the paused state in RPy b1 — ¢ and RPo, 45%
of these FRET traces show pausing in RPyppie — ¢ for
periods that encompass the whole observation time.
Overall, these results were interpreted by Duchi et al.
as events that were either on-pathway, or off-pathway
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of transcript synthesis, as part of backtracking and
abortive release. However, in this model, the shorter
lived paused state in RPipc — ¢ on-pathway of tran-
script synthesis (~20 s) was viewed as rate limiting.
This interpretation was justified due to the majority of
FRET traces showing pausing at RPyppe — ¢ Without
first reaching RPyupp1e — 7 hence, it served as a plausi-
ble explanation given the experimental results. In
addition, the authors explained that the long-lived
RPyuubble — 6 paused states could not represent back-
tracked states since the long-lived paused RPpypple — 6
state started without prior excursions to RPpyppie — 7
required for pausing after backtracking. Yet, it may
well be that such prior excursions to RPpuppe — 7
before backtracking to RPpypbie — ¢ Occur faster than
the reported time resolution (integration into bins of
200 ms). In the magnetic tweezers experiments, with a
time resolution of 1 s, Lerner, Chung et al. also
observed bubble size changes from no bubble in free
DNA directly to its scrunched form in initiation. The
pausing times observed with magnetic tweezers tran-
scription assays (4,600 + 2,700 s) were much longer

than typical single-molecule trajectory observation
times (a few hundreds of seconds) and may be the
extension of the stably paused state reported by Duchi
et al. The magnetic tweezer experiments of Lerner,
Chung et al. showed clear GreA dependence of both
dwell times and bubble sizes in initiation-associated
dwells. Thus, repeating these experiments in the pres-
ence of GreA may help validate the interpretation pro-
posed by Duchi et al. If the paused state of RPyypble — 6
corresponds to RPyr¢ — 6, with no backtracking, GreA
will not affect its dwell time. Alternatively, if RPpypple
_ ¢ corresponds to RPyrc — 5, with one nucleotide
backtracked, then GreA should induce transcript
cleavage, thereby decreasing the dwell time of the
paused state.

Additional experimental evidence showing the
decrease in bubble size in the paused-
backtracked initiation intermediate

To show that pausing in initiation can be rate-limiting
during promoter escape, and to discriminate this
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Figure 1. Promoter bubble opening activity (POA) and promoter escape activity (PEA) of doubly labeled lacCONS promoter dsDNA. Each
panel reports the proximity ratio histogram for FRET between donor (D; ATTO550 or Cy3B in the case of (+15)TA—(—15)NTD) and
acceptor (A) labeling different promoter registers on either the template (T) or the nontemplate (NT) strands. From left to right, two
panels report results for both dyes in the bubble region in initiation, the third panel reports results when one dye was upstream from
the bubble region in initiation and the other was downstream from it, and the last two panels report results when one dye was in the
bubble region in initiation, while the other downstream from it. From top to bottom, shown are proximity ratios of the free promoter
DNA, in within the RPr¢c _ , initiation complex and after run-off should have occurred following supply of all four NTPs. f, g and h repre-
sent the fraction of the sub-population that is not the major one in the measurement of free promoter DNA and their values are
reported as a result of a constrained two Gaussian fit (see the appendix). Promoter bubble opening activity (POA) and promoter escape
activity (PEA) are calculated from these fractions as described in the appendix.
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Figure 2. (A) Proximity ratio histograms exhibit a sub-population with decreased transcription bubble size in RPjrc 7, which is reversible
by addition of increasing amounts of GreA. Proximity ratio histograms of (—8)TA—(—5)NTD are shown. From top to bottom, histograms
are shown for the conditions indicated in the labels of each panel. The solid black vertical line denotes the peak PR of a sub-population
whereby the DNA between the dyes is annealed (either free promoter DNA or RNA-promoter closed complex, see vignettes). The
dashed black vertical line denotes the peak proximity ratio the melted DNA in the open bubble sub-population in RPjrc — , (see
vignette). The dashed red vertical line denotes the peak proximity ratio of a sub-population that is intermediate between the sub-popu-
lations of closed and opened bubble DNA. Sample preparation, measurement and analysis performed as explained by Ingargiola
et al.> only with triphosphate adenylyl(3'-5') adenosine (pppApA, generously provided as a gift by Prof. Richard Ebright), instead of
adenylyl(3’-5) adenosine (ApA). Sub-population fitting analysis was performed as described in the appendix. (B) Two different paused
initiation states as described by Duchi et al." and by Lerner, Chung et al.,> and a model that combines both types of initiation pausing.
RPirc — 6, pre @and RPirc — 6, post denote RPrc — ¢ with the 3'-terminal base positioned at the pre- and post-translocated sites in RNAP,
respectively. RPirc — 7, pre is defined in the same way as RPyc _ ¢, pre, but for a 7-mer nascent transcript. RPrc — 7, 1 e denotes an initiation
complex with a 7-mer nascent transcript backtracked by one base.



248 (&) E.LERNERETAL.

pausing from events related to inactive (moribund)
initiation complexes,”® we performed microsecond
alternating laser excitation (usALEX) smFRET meas-

urements>” %

using doubly labeled lacCONS promoter
DNAs that are freely diffusing in a confocal setup. In
this type of smFRET measurement, the proximity
ratio (PR; FRET efficiency uncorrected for leakage,
direct excitation and y factor, see the Appendix) is
reported for individual molecules transiting through
the detection volume during very short bursts (typi-
cally ms). The PR values of many different single-mol-
ecule bursts are accumulated in histograms in which
only abundant and stable states are represented as dis-
tinct sub-populations. Similar to the approach taken
by Duchi et al., we also tracked the PR between the
dyes placed at various positions around the transcrip-
tion bubble. The labeled promoter DNA used for these
experiments were chosen based on the following crite-
ria: (i) exhibiting significant change in PR upon bub-
ble opening; (ii) exhibiting significant promoter
bubble opening activity (POA) upon incubation of
RNAP; and (iii) exhibiting significant promoter escape
activity (PEA) upon incubation with all NTPs (see the
appendix). We tested five doubly labeled lacCONS
promoter constructs for these criteria and the results
are summarized in Figure 1. For the sake of clarity, we
use the following nomenclature to indicate a doubly
labeled promoter, (+10)TA—(—5)NTD is a construct
with an acceptor dye (ATTO647N) on a template base
at register (+10) and with a donor dye (ATTO550 or
Cy3B) on a nontemplate base at register (—5). In the
case of (+10)TA—(—5)NTD and (—8)TA—(+10)
NTD, the change in PR due to bubble opening was
expected to be minuscule as expected from assessment
of the crystal structure,® and indeed the differences
between their PR histograms in free DNA, RPo and
run-off conditions (after addition of all NTPs) are
small. Fitting the PR histograms to constrained double
Gaussians yielded POA and PEA values that were
either small or negligible. One construct that is
expected to exhibit a large increase in PR moving
from free DNA to RP;p¢ — , is a construct in which
one dye is upstream and another is downstream from
the bubble region, such as in (415)TA—(—15)NTD
(donor Cy3B). This construct exhibits a sub-popula-
tion with increased PR values compared with that of
the free DNA sub-population. Yet, POA and PEA are
small. Interestingly, during initiation the constructs
with both dyes in the bubble region, (—8)TA—(—5)

NTD and (—8)TA—(—3)NTD (donor ATTO550)
exhibit lower PR values compared with the free pro-
moter sub-population, due to increase in the size of
the bubble and plausible activities (> 45% POA and
PEA), especially with respect to the (—8)TA—(—5)
NTD construct. We therefore chose to report initia-
tion effects using the construct that exhibits substan-
tial POA (0.71 £ 0.02) and PEA (0.71 & 0.05) values
that are the largest among the set of doubly labeled
promoter constructs tested. It is important to mention
that the kinetics of transcription starting from RPyr¢
— 2, measured by the single round quenched kinetics
assay,” was very similar to the promoter escape kinet-
ics measured by Ingargiola et al. with an 8x1 multi-
spot smFRET setup, following the open bubble sub-
population in (—8)TA—(—5)NTD after addition of all
NTPs.>® This indicates that promoter escape kinetics
of RPrc — » with dyes in the bubble region follow sim-
ilar run-off kinetics for unlabeled DNA.

We then compared the PR histograms of the initia-
tion complex in different states (Fig. 2A) including:
RPirc — » (RPo in the presence of 500 M pppApA),
RPirc< 4 (RPo in the presence of 500 uM pppApA,
100 uM UTP), RPirc< 7 (RPo in the presence of 500-
UM pppApA, 100 uM UTP and GTP) and RPyrc-< 5
in the presence of increasing concentrations of GreA
(2, 5, 10 and 20 uM). The solid black vertical line on
the right denotes the peak of high PR, corresponding
to the sub-population of free promoter DNA or RPc
state. The peak PR value of this sub-population is not
expected to change dramatically. The dashed black ver-
tical line denotes the peak of the center value of PR for
the open transcription bubble sub-population in
RP;rc — . The dashed red vertical line denotes the
peak of the center value of PR for any additional PR
sub-population that may appear as a result of scrunch-
ing, backtracking, or response to GreA binding. In gen-
eral the bubble size changes due to DNA scrunching,
but it is not clear whether this change will be reflected
in PR values of the open transcription bubble sub-pop-
ulation for this construct (—8)TA—(—5)NTD. The
crystal structures of initiation complexes corresponding
to different steps in initiation show only minor changes
in the distance between DNA bases at registers (—8)
and (—5) of the template and nontemplate strands,
respectively.'®® Considering the bulky size of the dyes
(including the linkers), the distance between the dyes
attached to these bases may not show substantial
change in PR upon scrunching. The PR histogram for



RPirc — , includes two sub-populations with peak PR
values 0.90 = 0.02 and 0.51 £ 0.03 of DNA with
closed and opened bubble, respectively. These two PR
sub-populations also appear in all other measured initi-
ation states, namely in RPirc< 4 RPrpc< 7 in the
absence and presence of GreA (Fig. 2A, solid and
dashed vertical black lines). Upon moving from RP;rc
— 2 to RPrrc< 4 we identify an additional sub-popula-
tion with a peak PR value that is intermediate between
the values of the closed and opened DNA bubble (0.77
=+ 0.04; Fig. 2A, vertical red line). However, in RPyrc<
4 the contribution of this additional sub-population to
the overall PR histogram is small (5%). It is only in
RPrrc< 7 that the contribution of this intermediate
sub-population is maximal (24%). This may indicate a
large portion of initiation complexes with reduced bub-
ble sizes that are abundant and long-lived enough to be
represented in a PR histogram of freely diffusing single
molecules. This finding is in agreement with both
Lerner, Chung et al. magnetic tweezers findings and
smFRET studies of immobilized initiation complexes
published by Duchi et al. Subsequently, we tested the
response of the open bubble PR sub-population in
RPrrc< 7 as a function of increasing concentrations of
GreA. The results show that GreA decreases the contri-
bution of the intermediate PR sub-population to the
overall PR histogram close to the levels observed in
RPirc = 5 (down to 3% in 20 uM GreA), as if no
change in the bubble size had occurred. We interpret
these results to indicate that pausing in initiation occurs
due to backtracking, which causes reduction in bubble
size, and which is reversed by the action of GreA.

Conclusions - a unified model of pausing in
transcription initiation

Our experimental results complement those reported
by Duchi et al. We propose that there are two types of
pausing in initiation at the lacCONS promoter. One is
short-lived (~20 s) and involves formation of RP;p¢c —
6 (with RPpyppie — 6) With the nascent transcript 3’ end
in the pre-translocated position (RPyr¢ — 6, pre)> as sug-
gested by Duchi et al. Another pausing is long-lived
(thousands of seconds) and involves formation of
RP;r¢c = 7 (with RPyyppie — ¢) With nascent RNA back-
tracked by one nucleotide (Fig. 2B). As multiple
occurrences of a short-lived pausing would be
equivalent to a few long-lived pauses, both pauses
may contribute to the rate-limiting nature of promoter
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escape. An experiment demonstrating that GreA
functions during initiation the same way that it does
during pausing and backtracking in elongation would
support the mechanism we proposed here.
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Appendix
In single-molecule sALEX analysis, three streams of
photons are analyzed: donor and acceptor fluorescence
photons during green laser excitation (noted here as
DD and DA, respectively), and acceptor photons dur-
ing red laser excitation (noted here as AA). Burst pho-
ton counts in each of these photon streams, are
background-corrected by subtracting the burst dura-
tion times the background rate. A dual channel burst
search (DCBS; intersection of bursts from green excita-
tion burst search and red excitation burst search)®’ is
performed using m = 10 and F = 6, to isolate the FRET
data from non-FRET data (Donor-Only and Acceptor
Only) for further analysis. Next, the following two con-
ditions are used to filter snFRET burst data:
1. npp +nps>50
2. n44>30

where npp, nps and 144 are the number of photons
in a burst in streams DD, DA and AA, respectively,
corrected for background counts. Then, proximity
ratio, PR, is calculated for each burst:

PR — npa

npp + Npa

PR is related to FRET efficiency; however, it is not cor-
rected for leakage of donor fluorescence into the
acceptor detection channel (lk), direct excitation of
the acceptor with the laser intended for donor excita-
tion (dir) and for the ratio of donor acceptor fluores-
cence quantum yields and the ratio of detection
efficiencies of the 2 detection channels (y factor).
We assume the values of these correction values are
similar for a given doubly labeled DNA construct
across different states. We compare relative results;
thus, we report on PR and not on FRET efficiency.

To calculate the promoter bubble opening activity
(POA) and the promoter escape activity (PEA), PR
histograms of doubly labeled promoter in its free
dsDNA (free promoter) form, RP;rc — , and run-off
forms were fitted to two Gaussian functions. PR
sub-populations can be approximated by a Gaussian
function. Nevertheless, the quality of Gaussian fits,
being functions with no skewness, is affected by the
skewness of the distribution toward peak PR value of
0.5. The farther the peak PR value is from 0.5, the
larger this skewness is. We approximated the PR
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histograms with fitting of two Gaussians, where one
Gaussian described the sub-population of promoter
DNA that is free of binding to RNAP. The second
sub-population represented the conformation of the
open transcription bubble. However, due to the skew-
ness of PR sub-populations toward a peak value of 0.5,
it is possible that some spurious bursts with peak PR
values outside the free promoter sub-population may
also contribute to the second sub-population. For this
reason, we constrained the fitting to two Gaussians
with the major PR sub-population in free promoter,
and we used the area under the second PR sub-popu-
lation to quantify ratiometric quantities related to
bubble opening activity and bubble closure upon pro-
moter escape activity. We defined f, ¢ and h as the
fraction of the histogram that is occupied by the sub-
population with center PR values. f for free promoter,
g for RPirc — , and h for run-off. We defined two
quantities:

f

1. Promoter bubble opening activity: POA =1 — g

2. Promoter escape activity: PEA = (i%;

The definition of POA accounts for the relative
increase in the fraction of bursts in the second PR
sub-population, due to addition of initiation com-
plexes with opened transcription bubble. The defi-
nition of PEA accounts for the relative decrease in
in the second PR sub-
population, due to bubble movement to down-
stream DNA, which leads to DNA re-annealing of
the bubble region in initiation. This definition

the fraction of bursts
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also takes into account that some bursts in the
second PR sub-population are spurious and seen in
measurement of the free promoter. The error
estimation of these activity values are propagated,
using these equations, from the fitting errors on f,
g and h.

To quantify the presence of PR sub-populations
and their contributions to the PR histograms in
Figure 2A, we fitted a function of sum of Gaussians to
the PR histograms. As in Figure 1, we used a sum of
two Gaussians to fit the PR histograms of doubly
labeled promoter in its free dsSDNA (free promoter)
form, RP;r¢c — » and run-off forms. Then, we used a
sum of three Gaussians to fit the PR histograms of
RPitc< 4 RPrrc< 7 in the absence and presence of
GreA, where the peak PR values of two sub-popula-
tions were constrained to the values of the two sub-
populations in the fitting results of RPyrc — ,. This
allowed elucidating a third sub-population and its rel-
ative contribution.

Data analysis and figure preparation was performed
using FRETBursts, an open source burst analysis pro-
gram for smFRET data.®’ Python notebooks that
describe the data analysis from raw data to the results
presented in the figures are available in https://fig
share.com/s/2b3399ace2a6a9b2bcec (DOI: 10.6084/
m9.figshare.4590721). Raw data is saved in Photon-
HDF5 format®® and is available in https://figshare.com/s/
489f12461399cc2adca4 (DOIL: 10.6084/m9.figshare.4588
741) and in https://figshare.com/s/87ad049f556d189
66a80 (DOI: 10.6084/m9.figshare.4589560).


https://figshare.com/s/2b3399ace2a6a9b2bcec
https://figshare.com/s/2b3399ace2a6a9b2bcec
https://figshare.com/s/489f12461399cc2adca4
https://figshare.com/s/489f12461399cc2adca4
https://figshare.com/s/87ad049f556d18966a80
https://figshare.com/s/87ad049f556d18966a80

	Abstract
	Experimental evidence of pausing during transcription initiation
	Additional experimental evidence showing the decrease in bubble size in the paused-backtracked initiation intermediate
	Conclusions - a unified model of pausing in transcription initiation
	Disclosure of potential conflicts of interest
	Acknowledgments
	Funding
	Authors' contributions
	References

