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The secondary channel (SC) of multisubunit RNA polymerases
(RNAPs) allows access to the active site and is a nexus for the
regulation of transcription. Multiple regulatory proteins bind in
the SC and reprogram the catalytic activity of RNAP, but the
dynamics of these factors’ interactions with RNAP and how they
function without cross-interference are unclear. In Escherichia coli,
GreB is an SC protein that promotes proofreading by transcript
cleavage in elongation complexes backtracked by nucleotide misin-
corporation. Using multiwavelength single-molecule fluorescence mi-
croscopy, we observed the dynamics of GreB interactions with
elongation complexes. GreB binds to actively elongating complexes
at nearly diffusion-limited rates but remains bound for only 0.3-0.5 s,
longer than the duration of the nucleotide addition cycle but far
shorter than the time needed to synthesize a complete mRNA. Bound
GreB inhibits transcript elongation only partially. To test whether
GreB preferentially binds backtracked complexes, we reconstituted
complexes stabilized in backtracked and nonbacktracked configura-
tions. By verifying the functional state of each molecular complex
studied, we could exclude models in which GreB is selectively
recruited to backtracked complexes or is ejected from RNAP by cat-
alytic turnover. Instead, GreB binds rapidly and randomly to elonga-
tion complexes, patrolling for those requiring nucleolytic rescue, and
its short residence time minimizes RNAP inhibition. The results sug-
gest a general mechanism by which SC factors may cooperate to
regulate RNAP while minimizing mutual interference.
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he multisubunit RNA polymerases (RNAPs) that synthesize

mRNAs have catalytic subunits that are conserved across all
domains of life but incorporate different regulatory structures
and mechanisms (1, 2). Despite this divergence, all RNAPs have
in common certain key target sites by which they interact with
regulatory proteins. One of the most important of these is the
secondary channel (SC), a pore extending from the outside
surface of RNAP to the enzyme active site deeply buried in the
center of the transcription elongation complex (EC) (3).

Even within an individual bacterial species, multiple regula-
tory factors may interact with the SC. Escherichia coli has at least
five proteins that are thought to bind in the RNAP SC to reg-
ulate transcription (4). These proteins have similar overall
structures (5) but have qualitatively different effects on tran-
scription complexes and thus have distinct roles in regulation.

A well-characterized role of some SC proteins is the endo-
nucleolytic rescue of backtracked ECs (6-8). In response to
particular protein factors, template DNA sequences, transcript
sequences, or nucleotide deprivation, the EC may undergo
“backtracking” in which it reverse threads the nascent RNA and
the DNA template by one or more base pair (9-12). In a back-
tracked conformation the EC is still intact, but the active site is
misaligned for nucleotide addition because the RNA 3’ end ex-
tends into the SC (13, 14). The E. coli proteins GreA and GreB
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stimulate endonucleolytic cleavage of the RNA backbone by the
RNAP active site to create a new 3’-OH that is correctly posi-
tioned at the active site for resumed polymerization. This
cleavage activity may function in living cells to reduce the du-
ration of transcriptional pauses that involve backtracking and to
rescue ECs stalled by misincorporation of a noncomplementary
base at the nascent transcript 3’ end (15, 16).

In contrast to its positive role in promoting transcript synthesis
through rescue of backtracked complexes, GreB binding also is
predicted to inhibit the process of transcript elongation. In
particular, a combination of crystallographic data and structural
modeling suggests that when GreB binds in the SC, it is likely to
insert into the RNAP active site in a manner that inhibits nu-
cleotide addition to the nascent transcript (13, 17-20). However,
functional studies have not demonstrated inhibition by wild-type
Gre proteins in vitro (17, 20), raising the question of how the
proteins can stimulate transcript cleavage but not interfere with
transcript elongation. One possibility is that GreB is specifically
recruited only by the backtracked ECs that require rescue (18, 20).

A parallel question relates to the sharing of the SC by multiple
SC-binding proteins. Based on their structures and other data,
the proteins are widely assumed to compete for the SC (5, 21).
However, there is conflicting evidence that competition is limited
or nonexistent. For example, DksA is an SC protein with multiple
roles during initial polymerase binding and subsequent transcript
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elongation and termination (18-20). Nevertheless, competition
experiments between GreB and DksA show that each protein’s
activity is unimpeded in the excess (10- to 300-fold) presence of
the other protein, raising the possibility that the proteins are
recruited to distinct subpopulations of ECs (18, 20). In contrast,
other observations have been taken to suggest that multiple SC
factors can bind simultaneously to RNAP; such simultaneous
binding is inconsistent with simple binding competition (19, 20, 22).
To resolve the apparent inconsistencies in data on SC protein
function, it is essential to define the kinetics of interaction of SC
proteins with transcription complexes and how these kinetics
change as the complexes proceed through the both active and
backtracked intermediates of transcript elongation. Here we use
a multiwavelength single-molecule fluorescence microscopy tech-
nique, colocalization single-molecule spectroscopy (CoSMoS)
(23), to observe the dynamic interaction of GreB molecules with
individual ECs that either are undergoing active transcript elon-
gation or are statically locked in defined backtracked or non-
backtracked configurations. Our data contradict the recruitment
hypothesis and define a mechanism by which GreB can function in
transcript cleavage without substantially interfering with the ac-
tivities of other SC proteins or with transcript elongation.

Results

GreB Partially Inhibits Transcription Elongation. To examine the
effects of GreB on EC activity, we used a single-molecule
elongation rate assay that assesses elongation rates indepen-
dently of initiation kinetics and measures the distribution of
elongation rates across the molecular population (24). We teth-
ered Alexa Fluor 488 (AF488)-labeled DNA molecules containing
the APr- promoter (Fig. 14) to the surface of a passivated flow
chamber, observed them by single-molecule total internal re-
flection fluorescence (TIRF) microscopy, and recorded their

locations (Fig. 1 B and C, Left). After incubation with E. coli 6™
RNAP to form open complexes, we removed free RNAP and
introduced a solution containing NTPs and a Cy5-labeled probe
oligonucleotide complementary to sequences near the 5’ end of
the transcript.

Spots of Cy5-probe fluorescence appeared at locations that
colocalized with DNA molecules (Fig. 1 C and D). Of the ob-
served DNA molecules, 32 + 3% (SE; 84/263) exhibited a single
colocalization with a duration >30 s that was scored as pro-
duction of a transcript. Control experiments in which no NTPs
were added showed essentially no transcript production (0.9 +
0.9%; 1/117). The difference between the times at which the
Cy5-probe spot appeared and disappeared (Fig. 1D) was used to
estimate the time required to elongate the transcript from +172
until transcript release, which is rapid at intrinsic terminators
(25, 26). The distribution of these Cy5-probe dwell times (Fig.
1E, black traces) displayed a peak with a long tail, as expected
from the previously measured heterogeneity in RNAP elonga-
tion rates (27) and approximately consistent with the rates
measured in previous single-molecule assays (24). Decreasing
the laser exposure of the probe by a factor of ~15 did not sig-
nificantly alter the median Cy5-probe dwell time (Fig. S1), in-
dicating that the measured dwell times were not significantly
limited by photobleaching.

GreB binds to backtracked ECs with an apparent Ky variously
estimated to be ~10-360 nM (18, 28). When a concentration of
wild-type GreB >> Ky (1 pM) was added, the Cy5-probe median
dwell times increased significantly (Fig. 1 D and E, red traces).
This increase is consistent with a model in which EC elongation
is partially inhibited during time intervals when GreB is bound
(Discussion and Fig. S2).
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Fig. 1.

Single-molecule measurement of transcript elongation inhibition by GreB. (A) The DNA template (24) contains the Pg. promoter (yellow) driving

transcription of seven tandem repeats of a 20-nt hybridization target (pink) followed by the E. coli rpoB gene (dark gray) and ending with the terminators Tg:
and T, (red). The upstream end of the DNA was labeled with biotin (black circle), and the downstream end was labeled with an AF488 dye (blue star).
(B) Design of the single-round, single-molecule transcription experiment (see text). Production of the nascent transcript (blue line) is detected by TIRF mi-
croscopy as the appearance of a colocalized spot of fluorescence from the dye-labeled Cy5-probe oligonucleotide (red star). Termination of transcription
releases the RNA from the surface and results in the disappearance of the spot. (C) Images showing examples of DNA (blue) and Cy5-probe (red) fluorescent
spots. DNA images show the full-microscope field of view and a magnified inset with individual DNA molecules marked (squares). (Scale bar in Inset: 3 pm.)
Cy5-probe images show the surface region corresponding to the magnified inset before and after the start of the experiment; locations of the DNA molecules
are marked. (D) Examples of records (offset for clarity) of Cy5-probe fluorescence intensity recorded from 3- x 3-pixel squares centered at the positions of
individual DNA molecules in experiments without (black traces) or with (red traces) 1 uM GreB. Filled and empty triangles indicate spot appearance and
disappearance events that were scored as the initial detection of and release of a transcript, respectively. Asterisks indicate spots present for durations <30 s,
which were likely caused by transient nonspecific Cy5-probe binding and therefore not scored. AU, arbitrary units. (E) Probability density distributions of
elongation Cy5-probe spot lifetimes with [red trace; median = 146 + 6 s (SE); n = 81; seven events >400 s; maximum = 1,140 s] and without (black trace;
median = 81 + 55; n = 84; three events >400 s; maximum = 831 s) 1 pM GreB.
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GreB Interaction with Steady-State ECs Is Highly Dynamic. Since
GreB partially inhibits elongation, how does it avoid interfering
with EC function? To address this question, we examined the
dynamics of GreB interaction with individual ECs during steady-
state elongation. For these experiments, we first prepared a GreB
construct with a relocated, surface-accessible cysteine (rcGreB),
and fluorescently labeled it with a Cy3B-monomaleimide dye
(Cy3B-GreB) (Materials and Methods). A structural model (Fig.
S3A) suggests that the G82C mutation and labeling of the cysteine
are not expected to interfere with the GreB-EC interaction. Con-
sistent with this expectation, Cy3B-GreB produces the same cleav-
age fragments as wild-type GreB and displays similar cleavage
kinetics (Fig. S3 B and C). We then repeated the experiment in Fig.
1 in the presence of 2 nM Cy3B-GreB and simultaneously recorded
the appearance of Cy5-probe spots and Cy3B-GreB spots at the
locations of template DNA molecules (Fig. 2 4 and B). During
time intervals in which Cy5-probe was present at a DNA location
for >30 s, indicating the presence of an EC, we detected transient
appearance of Cy3B-GreB fluorescent spots (Fig. 2C).

To measure the rate at which GreB binds to ECs, we de-
termined the time that elapsed before the first observed binding
of Cy3B-GreB to each EC (29). Nearly all these binding events
were specific, because little binding was seen at randomly chosen
background locations not containing a DNA molecule or in a
control experiment in which a saturating concentration of un-
labeled GreB was also present (Fig. 2D). Similarly, in a control in

which RNAP was omitted, the frequency of GreB-binding events
was reduced 100-fold. Fits to the distributions of binding times
(Materials and Methods and Fig. 2D) revealed that a majority of
EC:s (80 + 6%) were capable of binding Cy3B-GreB and did so with
a near-diffusion-limited rate constant on the order of 10’ M~ s~
(Table 1). Interestingly, a minority of the ECs (~20%) appeared
incapable of binding Cy3B-GreB even though they were active and
had similar elongation rates (the median Cy5-probe spot durations
were 53 + 6 s and 61 + 9 s, respectively, for ECs observed to bind or
to not bind GreB). The origin of the binding-inactive EC sub-
population is unclear. Nevertheless, it is apparent that most ECs
in the experiment are actively elongating at normal velocities and
bind GreB at a fast, near-diffusion-limited rate. Based on these
observations, it is likely that in steady-state elongation these
complexes spend all or most of the time in states capable of
binding GreB.

We also examined the kinetic stability of the GreB-EC com-
plexes. Under our experimental conditions, Cy3B-GreB fluo-
rescence at ECs disappeared rapidly (Fig. 2E), and its dwell time,
7 =04 = 0.1 s (Table 1), was not appreciably affected by pho-
tobleaching (Fig. S4). These data are inconsistent with proposals
that ECs maintain a kinetically stable association with GreB
during elongation (19, 22). Instead, the data suggest that bound
GreB typically dissociates from elongating complexes on a time
scale (~0.4 s) not much longer than that required for a cycle of
nucleotide addition to the transcript (~0.1 s at 20 °C).
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Fig. 2. GreB binding to and dissociation from individual ECs during steady-state elongation. (A) Experimental design. GreB (2 nM) labeled with Cy3B (green star) is
detected by TIRF microscopy at the locations of AF488-labeled DNA molecules (cyan star) during intervals in which the presence of Cy5-labeled probe (red star)
fluorescence indicates the existence of an EC. (B) Examples of TIRF images recorded at three wavelengths of a region (3.9 x 4.6 pm) of the flow chamber taken
before (gold background) and after (gray background) the start of the experiment. Filled and empty triangles indicate the presence or absence of a DNA colo-
calized fluorescent spot, respectively. (C, Upper) An example of a record of Cy5-probe fluorescence recorded from a 3- x 3-pixel square centered at the position of
one DNA molecule. (Lower) Examples of Cy3B-GreB fluorescence recorded from the same region and from three other DNA molecules. In all cases, the recording
shows only the time interval during which a Cy5-probe fluorescent spot was present. (Inset) Images (1.1 x 1.1 um) of the Cy3B-GreB spot corresponding to the
indicated florescence peak (~0.24 s per frame). (D) Cumulative distribution of times to the first Cy3B-GreB binding. The plot displays the fraction of ECs that first
bound Cy3B-GreB at a time less than or equal to the indicated time after Cy5-probe binding. Separate experiments were conducted with 2 nM Cy3B-GreB (black
circles), 2 nM Cy3B-GreB(D41N) (red circles), and 2 nM Cy3B-GreB plus 200 nM GreB (blue circles). Background data (black and red lines) were collected from the
corresponding recordings at randomly selected locations that did not contain visible DNA molecules. Fits (green curves) to a background-corrected exponential
model (29) yielded second-order association rate constant (k,,) and active fraction (A, values (Table 1). (E) Cumulative dwell-time distributions for Cy3B-GreB
(black) and Cy3B-GreB(D41N) (red) fluorescent spots on ECs. Exponential or biexponential background-corrected fits (green) (29) yielded characteristic dwell times
(Table 1). In D and E, numbers in parentheses give the number of observed Cy3B-GreB-binding events followed by the number of ECs analyzed. The number of
observed Cy3B-GreB-binding events at background areas in D were 16/307 for Cy3B-GreB and 11/357 for Cy3B-GreB(D41N).
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Table 1. Kinetics of Cy3B-GreB interactions with ECs

Binding-competent Dwell time distribution

GreB construct Type of EC Kon 10’ M~1 57" fraction, As fit parameters* Ko, nM"
Cy3B-GreB Steady-state elongating 2710 0.80 + 0.06 7:04 +0.1s 93 + 36
(Fig. 2 D and E)
Static ECO (Fig. 4 E and F) 32 +0.1 1#* 7:0.29 £ 0.01s 106 + 4
Static EC—6 (Fig. 4 E and F) 1.9 + 0.1 1* 7:0.29 + 0.02 s 184 + 8
Cy3B-GreB (D41N) Steady-state elongating 32+14 0.81 + 0.08 71:0.6 +0.1s N.D.
(Fig. 2 D and E) a:73 +8%
11 +2s
Static ECO (Fig. S5) N.D. N.D. 71: 0.99 + 0.04 s N.D.
a: 99% [98, 99.3]
75 10.4 [6, 13] s
Static EC—6 (Fig. S5) N.D. N.D. 71: 0.83 + 0.08 s N.D.
a:92 +4%
149 +16s

Indicated uncertainties are +SE, except where bootstrap analysis indicated an asymmetrical confidence interval; in those cases the
68% confidence interval is given in brackets. For each fit the number of observations is reported in the referenced figure. N.D., not

determined.

*From single or biexponential fit.

"Kp is calculated as 1/(t kop).

*All complexes exhibited GreB binding.

To test the functional significance of the observed binding of
Cy3B-GreB to ECs, we also examined the binding and dissoci-
ation of Cy3B-GreB(D41N), a mutant that lacks one of the
coiled-coil domain tip acidic residues that are required for
transcript cleavage activity (6). The mutant association rate is
identical to of wild type (Fig. 2D). However, once bound, the
dissociation of the mutant is multiexponential and on average is
much slower than in the wild type (Fig. 2E and Table 1). Thus, a
point mutation that abrogates cleavage activity also dramatically
alters the observed binding, suggesting that observed binding

events are relevant to the cleavage activity of wild-type GreB.
From the results presented thus far, it is unclear whether the
faster dissociation of wild-type GreB is a consequence of tran-
script cleavage or whether it is caused by different binding inter-
actions between ECs and Cy3B-GreB vs. Cy3B-GreB(D41N).

Reconstitution of ECs Stabilized in Backtracked and Nonbacktracked
Configurations. The foregoing results show that GreB binds rap-
idly and transiently to complexes undergoing steady-state elon-
gation. However, in the steady state RNAP-DNA complexes can
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Fig. 3. Reconstituted nonbacktracked and backtracked ECs. (A) Diagram of the DNA (black)/RNA (red/green) scaffolds used to prepare 39-bp ECO and EC-6.
Phosphorothioate linkages in the EC—6 RNA are indicated (purple). (B and C) Cleavage of and transcript elongation by 39-bp ECO (B) and EC—6 (C) complexes
after 10-15 min incubation at the indicated concentrations of GreB followed by chase with the indicated subset of NTPs. The 5’-end [3?P]-labeled RNA
cleavage and elongation products were visualized by phosphorimaging in a denaturing 23% polyacrylamide gel; bands are marked with the RNA length and
the identity of the 3’ terminal nucleotide. (D) Diagram of the nucleic acid scaffolds used to prepare 98-bp template ECO and EC—6 for single-molecule assays. A
downstream sequence (blue) is identical to the fluorescent DNA oligonucleotide used to detect nascent RNA. Gray shading shows the template sequence
corresponding to the portion of the RNA 3’ end anticipated to be inside RNAP when these ECs are stalled at +77 by elongation in the absence of UTP.
(E) GreB-stimulated cleavage of and transcript elongation by EC—6 complexes on the 98-bp template.
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(52-77%) were elongated when NTPs were added either in the
absence or presence of GreB (Fig. 3B). We also prepared complexes
designed to be stably backtracked by 6 nt using an RNA that con-
tained a noncomplementary six-uridine 3’ extension (39-bp EC—6)
(Fig. 34) (18, 34). To reduce cleavage of the RNA by the intrinsic
endonuclease activity of RNAP, this RNA contained phosphoro-
thioate linkages bridging positions +7 through +10. As expected
for backtracked complexes, untreated EC—6 complexes did not
elongate the RNA when challenged with NTPs (Fig. 3C). However,
a portion of the RNA in the EC—6 samples was cleaved upon GreB
addition, and 30-50% of these cleaved RNAs were elongated upon
the subsequent addition of NTPs. Thus, essentially all RNA syn-
thesis observed on the EC—6 complexes was GreB dependent.

be in multiple different on-pathway and paused states (30, 31).
The experiments described above do not address which state or
states of the EC are capable of binding GreB. In particular, we
wanted to ask whether GreB is recruited preferentially to
backtracked complexes, as has been proposed (19, 20, 22, 32).
To prepare ECs in defined states, we reconstituted complexes by
mixing RNAP in the absence of NTPs with preformed scaffolds
consisting of a short RNA hybridized to a duplex DNA containing a
noncomplementary bubble region (33). Complexes designed to be
nonbacktracked incorporated a 9-nt RNA complementary to the
template strand bubble sequence (39-bp ECO) (Fig. 34). Consistent
with the nonbacktracked state, the RNA in these complexes was not
cleaved when GreB was added, and a significant fraction of RNAs
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Fig. 4. Single-molecule analysis of GreB binding to backtracked and nonbacktracked ECs. (A) The five-step experimental protocol used to identify functional
reconstituted ECs and observe their GreB binding. In each subsequent step of the protocol, the reagents from the preceding step were removed by flushing
the reaction chamber before the indicated new reagents were added. ECs contain RNA polymerase core (tan), RNA (blue), and dsDNA (black). Closed arrows
indicate changes in inferred complex structure; open arrows indicate no change. (B) An example of a record of transcript production detected on individual
ECs using the protocol in A. The graph shows the cumulative fraction of complexes that exhibited a colocalized Cy5-probe spot by the indicated time for the
ECO preparation (red; n = 215 total complexes), EC—6 preparation (blue; n = 706), and randomly selected sites without DNA (black; n = 640). The Cy5-probe
was not present in solution during intervals ii and iv. Abrupt increases in Cy5-probe binding upon incubation with NTPs during the first 100 s of intervals iii
and v demonstrate the elongation of nonbacktracked ECs present initially (red arrow) or produced from backtracked complexes by transcript cleavage that
occurred during intervals ii and iv (blue arrows). (C) The fraction of EC—6 complexes that were rescued (i.e., did not remain backtracked) during interval ii
increased as the concentration of Cy3B-GreB used in interval ii was increased. Points show how the fraction (+SE) of functional EC—6 complexes that did (Right
Axis) or did not (Left Axis) survive interval ii varies with the mean number of Cy3B-GreB-binding events observed on the surviving complexes. Data are taken
from the experiment in B and from additional experiments using the indicated concentrations of Cy3B-GreB during interval ii. The exponential fit (curve)
yields a cleavage probability of 0.08 per GreB binding. (D) Cumulative distributions (points) of time intervals separating successive Cy3B-GreB-binding events
recorded from functional (see text) ECO (red; n = 132 intervals) and EC—6 (blue; n = 137 intervals) complexes and from control sites without DNA (black; n =
186 intervals) during interval ii of B (0.15 nM Cy3B-GreB). Lines are fits to a background-corrected exponential model (29). (E) Background-corrected apparent
first-order Cy3B-GreB-binding rate constants (open circles) determined as in D at Cy3B-GreB concentrations of 0.15, 0.3, and 0.5 nM; n = 73-416. Weighted
linear fits (lines) yielded second-order binding-rate constants, ko, (Table 1). (F) Background-corrected distributions of Cy3B-GreB dwell times (circles) on
functional (see text) ECO (red; 666 dwells) or EC—6 (blue; 254 dwells) complexes during interval ii pooled from experiments at 0.15, 0.3, and 0.5 nM Cy3B-GreB.
Lines indicate exponential fits yielding characteristic dwell time t values (Table 1).
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To adapt the reconstituted complexes for single-molecule
analysis, we prepared versions of the ECO and EC—6 complexes
with a longer downstream DNA segment (Fig. 3D). These 98-bp
templates incorporate biotin and dye for surface tethering and
visualization. The noncomplementary transcription bubble in the
reconstituted complexes (Fig. 3 A and D) cannot reanneal during
transcript elongation and thus in principal could interfere with the
movement of RNAP out of the bubble and therefore with tran-
script elongation. However, ECs formed on the 98-bp scaffolds
behaved similarly to the corresponding short complexes upon ex-
posure to GreB and could produce (albeit with low efficiency)
RNAs tens of nucleotides in length when provided with the ap-
propriate combinations of NTPs (Fig. 3 D and E). Thus, when
exposed to NTPs, a fraction of the 98-bp template complexes
produce nascent RNAs of sufficient length that their 5’ ends are
expected to extend out of the RNAP exit channel, allowing de-
tection of transcription by oligonucleotide probe hybridization.

Identifying Individual Elongation-Competent Reconstituted ECs. To
perform single-molecule experiments to examine the dynamics of
GreB binding to individual reconstituted ECO and EC-6 com-
plexes, we immobilized the preformed dye- and biotin-labeled
complexes (Fig. 3D) on the surface of a microscope flow chamber
in the absence of NTPs. The two types of complexes were added
sequentially, and their locations were recorded after each addition
(Materials and Methods). Consequently, individually identified ECO
and EC—6 complexes were present simultaneously in the same
chamber so that they could be observed under identical conditions.

In each chamber we initially performed an internal control in
which we measured the binding of a Cy5 probe complementary
to a downstream target sequence (Fig. 3D, green) in the absence of
NTPs. Because this sequence is not present in the initial scaffold
RNA, this control measurement served to confirm that nonspecific
Cy5-probe binding was minimal (Fig. 4 4 and B, interval i). A
small number of complexes that bound the Cy5 probe at this stage
(typically 2-9%) were excluded from further analysis.

After the control, we followed an experimental protocol designed
(¢) to identify the subpopulations of ECs competent for transcript
cleavage and elongation (for EC-6) or competent for elongation
(for ECO) and (i) to measure the binding of Cy3B-GreB to only this
competent subpopulation, thus excluding from our analysis any
RNAP that had not formed an authentic EC. First, the complexes
were incubated for 1,400 s with >0.15 nM Cy3B-GreB without
NTPs (Fig. 4 A and B, interval ii). During this interval, we recorded
colocalized individual Cy3B-GreB-binding events as in Fig. 2C,
Lower. Typically only 1-10 GreB-binding events were observed on
each complex, consistent with the low Cy3B-GreB concentration
used. The complexes then were tested by removing the GreB and
adding the Cy5 probe (5 nM) together with ATP, CTP, and GTP
(0.5 mM each) to determine which were capable of transcript
elongation (Fig. 4 4 and B, interval iii). Next, to detect all complexes
competent for transcript cleavage, we performed an incubation with
unlabeled GreB (rcGreB) (Materials and Methods) at a much higher
concentration (75 nM) in the absence of NTPs (Fig. 4 A and B,
interval iv), again followed by removing the GreB and performing
an NTPs/Cy5-probe incubation (Fig. 4 A and B, interval v).

During the initial NTP incubation (Fig. 4 4 and B, interval iii),
we observed that a fraction of the nonbacktracked ECO com-
plexes acquire a Cy5-probe spot in the first 100 s (Fig. 4B, red
arrow), consistent with rapid production of the +77 stalled
complex (Fig. 3D). This fraction was small [7.5 + 1% (S.E.) of
n = 670 ECO complexes], consistent with the possible presence of
inactive complexes, the difficulty of quickly elongating out of the
noncomplementary bubble as observed in the ensemble experi-
ments, or both (Fig. 3E). However, the ECO rescue detected by
Cy5-probe binding was reproducible and was much larger than
CyS5-probe binding to randomly chosen areas that did not contain
visible complexes (0.7 + 0.2%; n = 2,011). As expected, few
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additional complexes (1.0 + 0.4%) bound the Cy5 probe during a
subsequent NTPs incubation (Fig. 4 A and B, interval v), showing
that nearly all complexes capable of quickly producing the full
transcript had already done so during the first NTPs incubation.

The behavior of backtracked EC—6 complexes was qualitatively
different from that of ECO. Less than half of the total active EC-6
complexes showed prompt elongation after the first incubation
with NTPs (Fig. 4B, blue arrow in interval iii; 3.0 + 0.6% of n =
706 complexes). More than half elongated only after the second
NTPs incubation (Fig. 4B, blue arrow in interval v; 3.8 + 0.7%),
the condition in which ECO complexes displayed essentially no
elongation over background. This finding is consistent with the
expectation that, unlike ECO, functional EC—6 complexes require
GreB-triggered transcript cleavage to activate their elongation
activity. The data also confirm that the subnanomolar concen-
tration of Cy3B-GreB used in rescue (Fig. 4 A4 and B, interval ii)
was low enough that it activated only a fraction of the potentially
activated complexes.

To verify our interpretation that the Cy3B-GreB binding
during interval ii caused the jump in Cy5-probe hybridization
upon NTPs challenge (interval iii), we further analyzed data
obtained using a range of subnanomolar Cy3B-GreB concentrations
in interval ii. As the concentration used was increased, the fraction
of rapid Cy5-probe-binding events observed in interval iii increased.
Furthermore, the fraction of functional complexes that survived
interval ii and thus were rescued in interval iv decreased exponen-
tially with the number of Cy3B-GreB-binding events to the func-
tional complexes seen during interval ii (Fig. 4C, green). The
observations are consistent with each GreB-binding event having a
fixed, low probability, P = 0.08 (Materials and Methods), of rescuing
the complex from the backtracked state by cleaving the RNA. This
probability presumably would be higher for unmodified RNA than
we measured for the phosphorothioate-modified RNA used in
these experiments to reduce spontaneous cleavage.

Kinetics of GreB Interaction with Stabilized Backtracked and
Nonbacktracked ECs. Having identified the DNA molecules that
contained correctly reconstituted, functional ECs, we examined
the kinetics of GreB binding and dissociation during interval ii
only in these complexes. In particular, for ECO complexes we
analyzed only the subpopulation that rapidly bound the Cy5
probe when challenged by NTPs in interval iii, ensuring that the
complexes were functional. For EC—6 complexes we analyzed
only complexes that displayed rapid Cy5-probe binding in in-
terval v, ensuring that the complexes were functional and that
they had remained in the backtracked state throughout the en-
tirety of interval ii.

The distribution of time intervals separating successive Cy3B-
GreB colocalizations to active complexes was exponential (Fig.
4D), consistent with a simple, single-step binding process. Mea-
surements at multiple Cy3B-GreB concentrations revealed that
the second-order association rate constants for the ECO and EC-6
complexes differed by less than a factor of two (Fig. 4E and Table
1). Notably, the data show that GreB does not bind to backtracked
complexes more quickly than to nonbacktracked; association with
ECO is actually faster than with EC—6 by a factor of 1.7. We also
measured the dissociation rates of Cy3B-GreB from the non-
backtracked and backtracked complexes (Fig. 4F) and observed
nearly identical distributions. Photobleaching was negligible under
these experimental conditions (Fig. S4). Taken together, these
data indicate that backtracked complexes neither preferentially bind
nor preferentially stabilize bound GreB relative to nonbacktracked
complexes (Table 1).

The ability to study binding to functional ECO and EC-6
complexes also allowed us to examine whether the differences
between binding of Cy3B-GreB and Cy3B-GreB(D41N) to ECs
in steady-state elongation (Fig. 2E and Table 1) resulted from
the inability of the mutant to stimulate transcript cleavage.
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Cy3B-GreB(D41N) binding frequencies and dissociation kinetics
were essentially indistinguishable between ECO and EC—-6 (Fig.
S5 and Table 1). Nevertheless, dissociation kinetics were slower
(and more complex) for Cy3B-GreB(D41N) than for Cy3B-
GreB, as was apparent in the steady-state EC experiments (Fig.
2F). Thus, the slower dissociation of the mutant is caused by the
altered interactions of the mutant with ECs and not by the
mutant’s inability to cleave backtracked transcript: Dissociation
on EC-6 was equivalently slow to that on ECO in which back-
tracked transcript was absent and therefore cleavage presumably
was not possible.

Discussion

Understanding the mechanisms of EC regulation has been hin-
dered by lack of information about the dynamics of protein in-
teractions with the SC, a key regulatory target. We now have
directly observed and quantified the kinetics of GreB interaction
with ECs. Methods of preparing ECs often produce mixtures of
correctly assembled and inactive complexes; the multi-wave-
length single-molecule fluorescence methods allowed us to restrict
analysis to the subset of complexes confirmed to be correctly as-
sembled and elongation competent. We observed the binding and
dissociation kinetics for steady-state elongation (Fig. 2) (during
which the EC cycles rapidly through the different intermediates of
the nucleotide-addition cycle) and for static complexes designed to
be stably locked into either the nonbacktracked configuration or
into the 6-nt backtracked configuration that is a good substrate for
GreB-stimulated cleavage (Fig. 4). GreB was observed to bind
rapidly to ECs with a k,, ~10" M~ ! 57!, at or near the dif-
fusion limit. However, binding was transient and short-lived,
with a GreB residence time on the RNAP of <1 s. This time is
orders of magnitude less that the time required to synthesize
a long messenger RNA under the experimental conditions and
is not much longer than the time required for a single cycle of
nucleotide addition under the same conditions.

We observed almost identical kinetic values for nonbacktracked
complexes, backtracked complexes, and complexes in steady-state
elongation reactions (Table 1), indicating that GreB is neither
preferentially recruited to nor preferentially stabilized by back-
tracked ECs. This result suggests a model in which GreB functions
by nonselectively binding to all configurations of ECs to locate by
random sampling the small minority of complexes that are, at a
given time, arrested in a backtracked state and thus require rescue
via endonucleolytic cleavage. The fast binding rate and short res-
idence time likely serve to accelerate this random search.

The two-helix bundle of GreB has a patch of positive surface
charge that has been proposed to interact with the backtracked
RNA 3’ end in the SC (35, 36). The observation that the GreB
binding and release kinetics are the same on backtracked and
nonbacktracked complexes suggests that the RNA-GreB in-
teraction does not make a substantial contribution to the energy
barrier to GreB binding or dissociation.

There are alternative proposals about how the multiple SC-
binding proteins present in a bacterial cell work together to
regulate ECs. Based on data from experiments on Thermus
thermophilus Gre, it was suggested that SC proteins remain stably
bound to an individual EC throughout the production of a given
transcript molecule (19, 22). Our results show this kinetically
stable binding is not true for SC proteins in general; we observe
that GreB binding ECs is short-lived (Figs. 2E and 4F) but that
GreB nevertheless can productively rescue backtracked com-
plexes (Fig. 4 A-C). Conversely, data from Fe**-mediated pro-
tein cleavage studies (18) have been taken to indicate that GreB
binds to reconstituted 2-nt backtracked complexes and not to
nonbacktracked complexes (18, 32). However, the cleavage assay
does not measure GreB binding directly: The extent of cleavage
depends on both binding and cleavage efficiency, and cleavage
efficiency may be different in backtracked and nonbacktracked
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complexes because of increased metal ion binding by the former
(37). Our results based on the direct observation of binding show
essentially identical association rates and binding constants for
nonbacktracked and 6-nt backtracked complexes (Table 1).

Just as GreB and other proteins compete for binding to the SC
in ECs, the same proteins may compete for binding to the RNAP
holoenzyme SC during transcription initiation. However, there is
little reason to suppose that interactions with holoenzyme are
identical to those with ECs. Thus, measuring the kinetics of
GreB and other SC-binding proteins interactions with holoenzyme
will be required to determine whether the competition mechanism
proposed here for ECs also applies to initiation complexes.

In our experiments using reconstituted ECs, we tested each
individual complex to determine if it was elongation competent.
In particular, we required that ECO complexes promptly exhibit
transcript probe hybridization upon incubation with NTPs and
that EC-6 complexes exhibit hybridization only after GreB-
induced transcript cleavage and incubation with NTPs (Fig. 44).
These conservative criteria may underestimate the number of
functional complexes (e.g., because phosphorothioate RNA cleav-
age is inefficient, because escape from the noncomplementary
bubble in the template was sometimes slow, or because the GreB
concentration used was not sufficient to rescue all complexes
properly). Nevertheless, as has been observed previously (e.g., ref.
33), it is clear that only a fraction of the DNA molecules were in-
corporated into correctly assembled ECs in our experiments. Our
single-molecule functional tests reinforce the view that bulk bio-
chemical experiments on reconstituted complex preparations can
produce misleading results because the preparations are mixtures of
functional and non- or poorly functioning complexes. When we
selected only functional complexes, all our experiments with wild-
type GreB produced the single-exponential lifetime distributions
(Fig. 4 D and F) characteristic of a one-step reaction by a kinetically
homogeneous population. In contrast, the same analysis on the
complete population of reconstituted complexes revealed more
complex, multicomponent dynamics (Fig. S6). These observations
suggest that caution is necessary in interpreting the results of bulk
experiments on reconstituted transcription complexes, because both
active and inactive complexes may be present.

Structural models suggest that EC-bound GreB is likely to
inhibit transcript elongation by interfering with the operation of
the RNAP trigger loop, by stabilizing a catalytically inactive
conformation of the polymerase, or both (13, 38). Consistent
with this hypothesis, we observe the inhibition of transcript
elongation in the presence of 1 pM GreB (Fig. 1E), a concen-
tration that is expected to be nearly saturating based on our
measurements (Table 1). However, our data are inconsistent
with a model in which GreB-bound ECs do not elongate at all
(Fig. S24). Instead, they suggest that EC-GreB complexes are
capable of transcript elongation but that the average elongation
velocity is only 40% of that in the absence of GreB (Fig. S2B).
Therefore, we hypothesize that, even in the GreB-bound state,
the polymerase—GreB complex has the ability to adopt confor-
mations that allow it to catalyze transcript elongation.

We find that the inactivating D41N mutation substantially
alters the interaction of GreB with the EC: We observed only
transient EC-GreB interactions, whereas a significant fraction of
EC-GreB(D41N) complexes persist at least 25-fold longer (Fig.
2F, red trace). Significantly, we observe nearly identical kinetics
of GreB(D41N) interacting with backtracked and nonbacktracked
ECs (Table 1). Thus, the inability of the catalytically inactive
mutant to cleave and release backtracked RNA is not responsible
for this long-lived population. Additionally, these data suggest that
the absence of any long-lived population in experiments with wild-
type GreB is similarly independent of transcript cleavage (i.c., the
departure of GreB from ECs is not coupled to RNA cleavage).
One possible explanation for these data is that GreB(D41N) is
able to sequester ECs into a kinetically stable alternative complex
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not accessible with wild-type GreB. This interpretation is con-
sistent with the strong suppression of RNAP activity previously
seen with GreA and GreB tip-residue mutants (17).

To function effectively in a cell, GreB must avoid wholesale
inhibition of transcript elongation and also not prevent access to
the SC by other proteins (e.g., GreA and DksA) that have different
activities with respect to ECs (32, 34, 39). On the other hand GreB
must be able to locate and repair backtracked ECs quickly in the
presence of an enormous excess of active, nonbacktracked ECs.
The observed short GreB dwell times, only slightly longer than the
nucleotide addition cycle, minimize its occupation of the SC, and
the fast, diffusion-limited association rate should help GreB in-
terrogate large numbers of ECs quickly to rescue the subset of
complexes that are backtracked. These kinetic properties may
serve to allow efficient GreB function while still leaving the SC
mostly unoccupied to allow interaction with competing SC factors,
an idea which can be tested in future experiments in which mul-
tiple SC factors are present simultaneously.

Materials and Methods

DNA and Plasmids. A pET-15b expression plasmid encoding N-terminal Hise-
tagged GreB from E. coli (generously provided by S. Darst, Rockefeller Uni-
versity, New York) (39) was modified using a QuikChange XL Site-Directed
Mutagenesis Kit (Stratagene) using the primer sequences 5-CGATTACTCC
CCTCACATGCGGCAAAGTCTTTTTTGGCG-3' to create the E82C mutation, 5'-
CGTGTGTATCTCACTAAAAGTCTGGAAAATCTCAAAATCGTC-3' for C68S, and
5-GGTGACCTGGGCCGCAAGTCTGGGCAACCGCAGCG-3' for D4A1N (IDT DNA);
mutation sequences are underlined. Constructs were verified by sequencing.

The Py transcription template was prepared by PCR from plasmid pCDW115
(24). Nascent transcripts were detected by hybridization of 5-GTGTGTGGTCTG
TGGTGTCT/3Cy5Sp/-3' (IDT DNA).

SNAP-Tagged E. coli Core RNAP. To generate RNAP*NP, core RNAP with the p’
subunit fused to a C-terminal SNAP-tag, the SNAP-tag from pSNAP (New
England Biolabs) was PCR-amplified using primers 5-CACAACGTCGA-
CATGGACAAAGATTGCGAAATGAAAC-3’ and 5-CACAACAAGCTTACTCGA-
GTCCTGGCGCGCCTATACCTGCAGG-3’, digested with Sall and Hindlll (New
England Biolabs), and then ligated into Xhol-, Hindlll-cut pRM756 (40) to
give pRM775, a plasmid that directs the expression of E. coli rpoA, rpoZ,
rpoB, and rpoC::SNAP-Hisqo. E. coli strain BLR ADE3 was transformed with
pRM775 and grown in Luria broth supplemented with kanamycin (25 pg/mL)
in Fernbach flasks shaken at 200 rpm at 37 °C to an apparent ODggo Of 0.5—
0.6. RNAP overexpression then was induced by the addition of isopropyl p-d-
1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, and the
cells were shifted to 30 °C for 5 h with continued shaking at 200 rpm. The
cells then were harvested by centrifugation and lysed by sonication.
RNAP*NAP was purified from the lysate as described previously (41) by pol-
yethylenimine precipitation and affinity chromatography using nickel-aga-
rose and heparin-Sepharose columns (5 mL HiTrap; GE Life Sciences). Purified
RNAPNAP was dialyzed into storage buffer [20 mM Tris-Cl (pH 8), 250 mM
Nacl, 20 uM ZnCl;, 1 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, and 20% (vol/vol)
glycerol] and stored in small aliquots at —80 °C until use.

Reconstitution of Backtracked and Nonbacktracked ECs. Scaffolds for 98-bp
ECO and EC-6 complexes contained DNA from Eurofins and partially phos-
phorothioate-modified RNA from GE Healthcare Dharmacon or IDT DNA.
The two DNA strands (Fig. 4D) were combined in reconstitution buffer
[10 mM Tris-Cl (pH 8), 40 mM KCl, 5 mM MgCl;] to final concentrations of
1.8 uM each and then were annealed by raising the temperature to 95 °C
followed by cooling (1 °C/min) to 60 °C. The solution then was mixed with an
equal volume of RNA (1.8 uM in reconstitution buffer) and annealed
by raising the temperature of the solution to 50 °C followed by cooling
(1 °C/min) to 30 °C. The annealed scaffold solution then was mixed at 1:2
(volivol) with RNAPSNAP [7.5 uM in 10 mM Tris (pH 8), 100 mM Nacl, 2.5 mM
MgCl;, 0.1 mM EDTA, 1 mM DTT, 25% glycerol] and was incubated at 33 °C
for 20 min. ECs typically were used within 1 h.

To verify polymerase incorporation into reconstituted complexes, RNA
was labeled with SNAP-Surface 549 (New England Biolabs) in solution using a
3:1 dye/core ratio to yield RNAPSNAPS49 RNAPSNAPS49 EC_g tethered to a slide
surface was observed to have 92% of the AF488-labeled DNA fluorescence
spots colocalized with a RNAPSNAPS49 spot,

PSNAP
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GreB Preparation. GreB proteins used in this study were wild type (GreB) or
contained a relocated cysteine (rcGreB; E82C/C68S mutant) or contained both
the relocated cysteine and a mutation that suppresses transcript cleavage
[GreB(D41N); E82C/C68S/D41N mutant]. Plasmids coding for these proteins
(PET15b-GB, pET15b-GBdm, and pET15b-GreBdm-D41N, respectively) were
transformed into BL21(DE3) cells for protein expression. Cells were grown in
LB or 2xYT medium at 37 °C with 100 mg/mL ampicillin or carbenicillin to O.D.
~0.4 and then were induced with 1-2 mM IPTG. Cells were harvested after
3 h of induction at 37 °C (wild type) or after 6 h of induction at 25 °C
(mutants). In some cases, cells were treated to remove periplasmic material
as described (42) and then were suspended in lysis buffer [40 mM Tris-Cl
(pH 8.0), 1 M Nadl, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP), and 0.1 mM
PMSF], frozen in liquid nitrogen, and stored at —80 °C for 1-3 d. Cells were
thawed on ice and further lysed using lysozyme (300 pg/mL) or by sonication.
Universal nuclease (1 pL; 88702; Pierce) was sometimes added, and the su-
pernatant was clarified by centrifugation at 14,000 x g and was passed twice
through a 0.45-um filter. The protein was isolated by affinity chromatog-
raphy in column (HisTrap HP 17-5248-02; GE Healthcare) or batch (Ni-NTA
agarose; 30210; Qiagen) format. Protein was eluted in binding buffer
[40 mM Tris-Cl (pH 8.0), 0.6 M NaCl, 0.1 mM TCEP, and 5 mM imidazole]
either through a gradient from 5-500 mM imidazole or in steps of 50 mM
and 250 mM imidazole. Some GreB preparations were further purified on
Sephadex G-75 eluted with elution buffer [40 mM Tris-Cl (pH 8.0), 1 M Nadl,
5% glycerol, and 0.1 mM TCEP]. All preparations were dialyzed into storage
buffer [40 mM Tris (pH 8.0), 1 M NacCl, 40% glycerol, and 0.1 mM TCEP],
frozen in liquid nitrogen, and stored at —80 °C.

Fluorescent Labeling of GreB and Purification of Labeled Protein. To prepare
Cy3B-GreB or Cy3B-GreB(D41N), rcGreB or GreB(D41N), respectively, was
labeled with Cy3B-maleimide monoester (GE Healthcare) using a 10:1 molar
ratio of dye to protein in labeling buffer [40 mM Tris-HCI (pH 8.0), 1 M Nadcl,
0.3 mM TCEP] at a total volume of 100-200 pL. Reactions were incubated at
4 °C for 2-4 h. Labeled GreB was separated from free dye on Sephadex G-25
Superfine gel filtration medium eluted with labeling buffer. Protein concen-
trations and dye-labeling stoichiometries were calculated using g0 protein =
35,560 M~ cm™, es50,c,38 = 130,000 M™" cm™, and e3g0,y3e = 10,400 M~" cm™".
Labeling stoichiometries ranged from 74 to 92%. Labeled GreB was stored at
4 °C in labeling buffer and was used within 2 wk or was frozen in liquid ni-
trogen in labeling buffer containing 50% (vol/vol) glycerol and 1.5 mg/mL
BSA (126615; EMD Millipore) and was stored at —80 °C.

GreB-Stimulated Cleavage and Subsequent Elongation of Reconstituted
Transcription Complexes. Bulk GreB cleavage and elongation assays were
performed at 37 °C on ECs reconstituted with RNA that was 5’-end labeled
using T4 polynucleotide kinase (New England Biolabs) and y-[>?P]-ATP (Per-
kin-Elmer). The indicated concentration of GreB was incubated with recon-
stituted complexes (diluted to ~100 nM in reconstitution buffer). In some
experiments, complexes then were tested for elongation activity by the
addition of nucleoside triphosphates (Roche Applied Science) and further
incubation for another 10-15 min. Reactions were quenched by the addition
of an equal volume of stop buffer [89 mM Tris-HCI (pH 8.0), 25 mM EDTA,
10 M urea, and 0.5% (wt/vol) each bromophenol blue and xylene cyanol].
RNA products were separated on 23% or 25% denaturing polyacrylamide
gels, and band intensities were visualized via phosphorimaging (Typhoon
9410; GE Life Sciences). Radiolabeled RNA size markers were prepared from
Decade Marker (AM7778; Thermo Fisher).

Microscopy. Single-molecule experiments were conducted using a multi-
wavelength micromirror TIRF microscope (23) equipped with lasers at
wavelengths 488, 532, and 633 nm for fluorescence excitation and at 785 nm
for autofocus (43). Experiments were conducted in AB buffer [50 mM Tris-Cl
(pH 8.0), 130 mM KCI, 5 mM MgCl,, 1 mM DTT, and 1 mg/mL BSA] for ECO
and EC-6 complexes and in KOP buffer [S0 mM Tris-OAc (pH 8.0), 100 mM
KOAC, 27 mM NH40Ac, 8 mM MgOAc, 2 mM DTT, 1 mg/mL BSA, and 3.5% (wt/
vol) polyethylene glycol 8000 (EMB Chemicals)] for steady-state elongating
complexes. Where noted, an oxygen scavenging system (OSS) was used as
described previously (23). Only small differences (2.5-fold in ko, and less than
fourfold in ©) were detected in control experiments in which the kinetic
constants for EC—6 complexes in the two buffers were compared.

TIRF experiments were conducted in flow chambers constructed (23) using
glass slides passivated with a (mPEG-5G2000)/(biotin-PEG-SVA5000) (Laysan
Bio) mixture (44). Streptavidin-coated fluorescent beads (fiducial markers for
drift correction) (29) from the stock solution (T-10711; Molecular Probes)
then were added to the chamber at a dilution of ~1:420,000, typically
achieving a surface density of one to three beads in each 65-um diameter
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field of view. The chamber was incubated with 0.013 mg/mL streptavidin or
NeutrAvidin (31000; Thermo Fisher) for about 45 s (44) and then was flushed
clear twice with five chamber-volumes of buffer.

Steady-state elongation experiments were done largely as described
previously (24). In brief, KO buffer (KOP without PEG) with OSS containing
50-200 pM template DNA derivatized with AF488 (Molecular Probes) and
biotin was added to the NeutrAvidin-coated chamber. DNA density was
monitored via 488-nm laser excitation, and the chamber was flushed with
buffer after a density of ~300 or more spots within the field was achieved.
E. coli 67° RNAP holoenzyme (Epicenter) was diluted to 0.2 nM in KO buffer
and incubated in the chamber for 15 min to allow the formation of open
complexes. Free RNAP was flushed out with KO buffer, and then transcrip-
tion was initiated by the introduction of KOP buffer with OSS containing
10 nM Cy5 probe, 1 mM NTPs, and GreB as noted.

ECO and EC—6 were examined in the same sample by tethering both types
of complexes to a streptavidin-coated flow chamber through the biotin tag
on the template DNA molecules. The two types of complexes were distin-
guished by attaching them sequentially to the chamber surface and re-
cording the locations of the fluorescence spots from the AF488-labeled
DNAs. To minimize photobleaching of DNA in the experimental field of view
used for data acquisition, a different accumulation field was used to monitor
the increasing surface density of complexes during initial attachment. Spe-
cifically, AB buffer with OSS containing 20-50 pM ECO was added to the flow
cell, and spot density in the accumulation field was observed as described
above. The lane then was flushed, and images of the experimental field
were recorded to establish locations for the nonbacktracked complexes. The
process was repeated with EC—6. Approximately 40% of the complexes were
eliminated from further analysis because of the proximity of neighbors (29).
For each successive step in the five-step protocol outlined in Fig. 4A, the
chamber was first flushed with two or more chamber-volumes of AB sup-
plemented with OSS to remove the reagents from the preceding step, fol-
lowed by the introduction of the reagents for the following step in two or
more chamber-volumes of AB plus OSS.

Data Analysis. Image and kinetics analysis was performed using custom
software and algorithms for automatic spot detection, spatial drift correc-
tion, colocalization, plotting and analyzing kinetic data, and determining
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association and dissociation rates, active fractions, and amplitudes (https:/
github.com/gelles-brandeis/CoSMoS_Analysis) (29).

In the experiments in Fig. 1, elongation times were estimated by ana-
lyzing the dwell times of fluorescent Cy5-probe spots that colocalized to
AF488 DNA. Cy5-probe spots lasting less than 30 s were assumed to repre-
sent nonspecific binding rather than authentic hybridization to transcript
and were excluded from analysis. When only events with a duration >30 s
were considered, most (89%; 234/263) AF488 DNA locations exhibited either
zero or one Cy5 probe-binding event (Fig. S7). A substantial fraction (57%)
of the 263 DNAs showed zero events, presumably because of inefficient
open complex formation at the subnanomolar concentration of holoenzyme
used to make open complexes. A small fraction (11%) showed more than
one event, possibly because of probe dissociation or blinking. Those that
contained one event were judged likely to reflect a single-round transcript
elongation event and were used in analysis. In Fig. 2, analysis of fluorescence
intensity from Cy3B-GreB was restricted to the times and locations of these
elongation events and additionally excluded a minority (11%; 5/47) that had
a probe duration >300 s.

In the experiments in Fig. 4, active reconstituted complexes were identi-
fied using the colocalization of fluorescent spots arising from the AF488-
labeled complex DNA and Cy5-labeled oligonucleotide complementary to
transcript RNA. Dwell times >10 s were scored as Cy5-oligonucleotide
colocalization events.

The data in Fig. 4C were fit with a single exponential yielding 8.39 GreB-
binding events per rescue. With the measured labeling efficiency of 0.74 mol
dye/mol protein for the Cy3B-GreB preparation used in this experiment, we
infer there are on average 8.39/0.74 = 11.34 binding events per rescue,
corresponding to a rescue probability of P = 0.08. This calculation may un-
derestimate the probability because the RNA consists of a mixture of
phosphorothioate diastereomers, and it is possible that only some of these
are cleavable.
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