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Removal of introns from the precursors to messenger RNA (pre-
mRNAs) requires close apposition of intron ends by the spliceo-
some, but when and how apposition occurs is unclear. We in-
vestigated the process by which intron ends are brought together
using single-molecule fluorescence resonance energy transfer
together with colocalization single-molecule spectroscopy, a com-
bination of methods that can directly reveal how conformational
transitions in macromolecular machines are coupled to specific
assembly and disassembly events. The FRET measurements sug-
gest that the 5′ splice site and branch site remain physically sepa-
rated throughout spliceosome assembly, and only approach one
another after the spliceosome is activated for catalysis, at which
time the pre-mRNA becomes highly dynamic. Separation of the
sites of chemistry until very late in the splicing pathway may be
crucial for preventing splicing at incorrect sites.
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Intron excision from precursors to messenger RNAs (pre-
mRNAs) is carried out by the spliceosome, arguably the most

complex macromolecular machine in the cell (1). One of the most
important jobs of the spliceosome is to accurately and efficiently
identify the ends of introns and bring them together to promote the
chemistry of splicing. This chemistry occurs via two SN2 trans-
esterification reactions: (i) attack by the branch site (BS) adenosine
on the phosphodiester bond at the beginning of the intron (the 5′
splice site; 5′SS) and (ii) attack of the released 5′ exon on the
phosphodiester bond at the end of the intron (the 3′SS) (2). The BS
adenosine is internal to the intron and usually located in the vicinity
of the 3′SS.
The spliceosome consists of four major subcomplexes that must

assemble de novo on each new intron: theU1 andU2 small nuclear
ribonucleoprotein particles (snRNPs), the U4/U6.U5 tri-snRNP,
and the protein-only nineteen complex (NTC). The snRNPs each
contain numerous proteins and one or more small nuclear RNAs
(snRNAs). These subcomplexes assemble stepwise, with U1 and
U2 recognition of the 5′SS and BS, respectively, preceding tri-
snRNP and NTC recruitment (3, 4). Throughout the assembly
process, numerous large-scale conformational changes occur that
involve making and breaking of pre-mRNA:snRNA and snRNA:
snRNA base pairing interactions. These structural transitions are
necessary for both recognition of the splice sites and creation of
the catalytic core in which the splice sites are juxtaposed for
chemistry. The two chemical steps occur within the activated
spliceosome formed after ejection of the U1 and U4 snRNPs (5).
When during spliceosome assembly are the splice sites brought

into close proximity? Previous studies in human and yeast extracts
using hydroxy radical cleavage or protein–RNA crosslinking led to
the hypothesis that the 5′SS and BS regions are closely positioned
in early complexes containing onlyU1 and/orU2 (6–12). However,
as both of these irreversible trapping methods can capture tran-
sient excursions that are not necessarily on the pathway for splic-
ing, when during spliceosome assembly and activation the 5′SS and
BS are stably juxtaposed has remained unclear. In this work, we

have used a combination of single-molecule FRET and colocali-
zation single-molecule spectroscopy (FRET–CoSMoS) methods
to monitor conformational changes in individual pre-mRNA
molecules in real time and examine how these changes are co-
ordinated with the steps of spliceosome assembly and activation.

Results
Single-Molecule FRET Suggests Dynamic Changes in SS Proximity. To
investigate 5′SS and BS proximity, we first synthesizedRP51A pre-
mRNA (a well-studied splicing substrate) (13) containing a FRET
donor and acceptor and a 3′ biotin to facilitate tethering to a glass
surface (Fig. 1A and Fig. S1). The green-excited Cy3 donor dye
(D) was 7 nt upstream of the BS adenosine and the red-excited
AlexaFluor 647 or Cy5 acceptor dye (A) was 6 nt upstream of the
5′SS (i.e., in the 5′ exon). These positions were chosen to be as
close as possible to the sites of chemistry without hindering access
by the splicing machinery to the 5′SS and BS consensus sequences.
In ensemble splicing assays in yeast whole cell extract (WCE), this
modified pre-mRNA spliced with kinetics and efficiency similar to
unmodified RP51A pre-mRNA (Fig. S2).
Apparent FRET efficiencies (EFRET) (SI Materials and Meth-

ods) of surface-tethered RNAs were monitored using a micro-
mirror total internal reflection fluorescence (TIRF) microscope
equipped for simultaneous multiwavelength excitation and de-
tection (14). We excited the D and recorded emission from both
D and A (Fig. 1B) to measure time-dependent EFRET of in-
dividual molecules (e.g., Fig. 1C). In all cases, we limited our
analysis to molecules in which A photobleaching had not oc-
curred, as confirmed by direct excitation of the A at the end of
the recording.
When the labeled pre-mRNA was recorded in buffer only, the

majority of single molecules exhibited EFRET > 0.7 (60%; 210/
352), with smaller populations at EFRET = ∼0.2 (13%; 46/352 at
EFRET < 0.3) and ∼0.6 (17%; 61/352 at 0.5 < EFRET < 0.7) (Fig.
1D). Some individual molecules switched between different dis-
crete EFRET values (e.g., Fig. 1C, arrows), indicating that a single
molecule can assume multiple conformations. This is consistent
with the variety of secondary structures calculated for this RNA
(Fig. S3); in the most stable structure, the dye attachment sites are
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constrained in comparative proximity, consistent with the majority
high EFRET population.

U1 Binding Is Accompanied by a Decrease in EFRET. To determine the
FRET state(s) associated with each stage of spliceosome assembly,
we next performed FRET–CoSMoS experiments in which we
followed both EFRET of and subcomplex binding to individual pre-
mRNAmolecules in WCE + 2 mMATP (e.g., Fig. 2A). For these
experiments, we prepared WCE in which two constituents of
a single spliceosomal subcomplex (U1, U2, U4/U6.U5, or NTC)
were SNAP-tagged and labeled with the blue-excited Atto488 dye
(15). These tagged and labeled WCEs were active for splicing in
ensemble assays (Fig. S4). In single-molecule experiments, in-
dividual-labeled subcomplexes (S in Fig. 2 A–C) could be clearly
seen and did not significantly quench D or A fluorescence when
bound to the pre-mRNA (Figs. S5 and S6).
We first conducted time-lapse FRET–CoSMoS experiments in

WCE containing labeled U1 snRNP and 2 mM ATP. At each
observation time, we verified the presence ofA fluorescence;made
five successive measurements of EFRET, which also verified the

presence ofD; and then determined if labeledU1was bound to the
pre-mRNA (Fig. 2C). This sequence of observations was repeated
eight times at 80 s intervals. To assess EFRET changes that ac-
companied U1 binding, we selected records that showed no U1
fluorescence in the first observation after WCE addition but did
exhibit a well-defined spot of U1 fluorescence (Fig. 2C, arrows;
Fig. S7) in at least one of the next seven observations. For each
molecule, the time of U1 arrival (tU1 = 0) was estimated to be the
midpoint of the 80 s interval beforeU1 was first observed.We then
aligned the experimental records according to tU1 to examine
EFRET changes coupled to U1 binding (Fig. 2D).
Both before and afterU1 arrival, different pre-mRNAmolecules

in the population displayed a variety of EFRET values, and there was
some fluctuation of EFRET for individual molecules within each 5 ×
0.2 s set of measurements (Fig. 2D). Just before U1 binding both
theEFRET population average<EFRET>= 0.60± 0.03 (S.E.) and its
extent of fluctuation were essentially unchanged from those mea-
sured in buffer alone (<EFRET>= 0.64± 0.03; compare buffer data
to data just beforeU1 arrival in Fig. 2D). Although discrete changes
in EFRET were detected in a small number of molecules, most
molecules that had been at EFRET > 0.7 in buffer were also at
EFRET > 0.7 just before U1 arrival (Fig. 2E). These data suggest
that proteins interacting with the pre-mRNA before U1 arrival
most often do not significantly diminish 5′SS and BS proximity. In
contrast, in the subpopulation of molecules in which U1 binding
was observed, we saw upon U1 binding a clear shift to lower EFRET
values (Fig. 2D). Most or all of this change occurred between the
EFRET measurements immediately before and immediately after
U1 arrival (Fig. 2F). The <EFRET> immediately after U1 binding,
0.38 ± 0.03, was significantly different (P = 2.8 × 10−4) from that
immediately before (Fig. 2D). Furthermore, molecules in this low
EFRET state after U1 binding tended to remain in that state and
exhibited reduced EFRET fluctuation (Fig. 2 D and G). The de-
crease in EFRET upon U1 binding could not be explained by
quenching ofD orA by the snRNPor its dye label (Figs. S5 and S6).
Assuming free mobility of D and A tethered by their aliphatic
linkers (Fig. S1), these data suggest that binding of U1 is associated
with stable separation of the 5′SS and BS to a greater distance than
was present before U1 binding. A likely explanation is that U1
binding competed away structures (e.g., secondary structures
shown in Fig. S3) that maintained 5′SS and BS proximity in the
uncomplexed pre-mRNA.

Low EFRET Is Maintained Throughout Spliceosome Assembly. We next
proceeded to determine whether the EFRET changed in subsequent
assembly steps. Following U1 acquisition, spliceosome assembly on
RP51A pre-mRNA proceeds via U2 binding, followed by U4/U6.
U5 binding, and then U1 and U4 release and NTC binding (Fig.
3A) (15). Spliceosome assembly can readily be blocked before U2
addition (16), beforeU4/U6.U5 addition (17), or beforeU4 release
(18) (Fig. S8). In reactions in which U2 addition was blocked,
we examined pre-mRNAs with bound fluorescent U1. Most of
these molecules exhibited EFRET=∼0.2 (Fig. 3B; 57%; 13/23 with
EFRET < 0.3; Fig. 3C; 61%; 19/31 with EFRET < 0.3). These EFRET
distributions were essentially indistinguishable from those seen
<80 s after U1 binding in nonblocked reactions (Fig. 2G, Upper).
Similarly, RNAs with bound fluorescent U2 in WCE in which U4/
U6.U5 binding was blocked (Fig. 3D) and RNAs with bound
fluorescent U5 in WCE in which U4 departure was blocked (Fig.
3E) both also predominantly exhibited EFRET = ∼0.2 (Fig. 3D;
69%; 24/35 with EFRET < 0.3; Fig. 3E; 91%; 32/35 with EFRET <
0.3). Taken together, these data suggest that the 5′SS and BS do not
become closely juxtaposed in any stable assembly intermediate up
to and including the U4/U6.U5 association step.

EFRET Increases in Multiple Steps After NTC Arrival. Do the 5′SS and
BS come together upon NTC acquisition or in some subsequent
structural rearrangement of the fully assembled spliceosome? To

A

B C

D

Fig. 1. Single-molecule FRET of labeled RP51A pre-mRNA in buffer. (A)
Schematic of the D, A, and biotin-labeled pre-mRNA. Rectangles, exons; line,
intron; triangle, BS adenosine. Wavy lines denote multiple-atom linkers (six
atoms for dyes and 16 for biotin). (B) Fluorescent spots from individual
surface-tethered pre-mRNAs observed with D excitation (Ex; 532 nm). The
same field of view (25 × 25 μm) was imaged at D (<635 nm) and A (>635 nm)
emission (Em) wavelengths. (C) Time records of emission and EFRET from an
individual pre-mRNA molecule. Image galleries show D and A emission
images (1 × 1 μm; 1 s time interval) from part of the record. Plot shows the
entire record D (green), A (red), and total (D + A; black) emission intensities
and calculated EFRET (gray). (D) Histogram of EFRET across a population of pre-
mRNA molecules. The histogram displays the relative frequencies in a data-
set of five consecutive EFRET measurements on each of 352 molecules.
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Fig. 2. Simultaneous observation of 5′SS and BS proximity and U1 snRNP binding by FRET–CoSMoS. (A) Experimental design; same symbols as Fig. 1A. U1
snRNP (circle) was labeled with dye moieties (S) on two subunits. (B) Fluorescent spots from individual surface-tethered molecules from the same field of view
(65 × 65 μm). (Left) A excitation (633 nm) and emission (>635 nm). (Center) As in Fig. 1B. (Right) S excitation (488 nm) and emission (500–550 nm). White circle
indicates the same molecule in all images. (C) Example images (0.2 s duration) of the single pre-mRNA molecule circled in B exhibiting binding of a U1 snRNP.
Key shows which dye was excited and from which dye emission was monitored in each image. Each set of 12 images (acquired over 2 s total) was separated by
a 78 s delay (wavy lines) during which there was no excitation. (D) EFRET from 56 pre-mRNA molecules before (Buffer; left column) and after adding U1-labeled
WCE plus 2 mM ATP (remaining 14 columns). The time interval in which U1 binding to each pre-mRNA molecule was first detected (tU1 = 0) was used to align
the records relative to one another. Images were acquired as in C. Bar graph shows mean EFRET (± SEM, based on number of molecules) for each acquisition
interval. ND, no data. (E–G) 2D histograms showing how EFRET of each molecule changed from one acquisition interval to another. Peaks on the diagonal
(dashed line) indicate no change; off-diagonal peaks indicate significant changes in EFRET between acquisition intervals. Bar graphs indicate the distributions
of EFRET values within each acquisition interval. (E) EFRET in buffer versus EFRET 0–80 s before U1 binding was detected. (F) EFRET 0–80 s before versus 0–80 s after
U1 binding was detected. (G) EFRET 0–80 s after versus 80 s to 160 s after U1 binding was detected.
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investigate this we performed FRET–CoSMoS experiments to
measure pre-mRNA EFRET in splicing reactions containing la-
beled NTC. Of the pre-mRNA molecules observed to acquire
NTC, 81% (90/111) were subsequently observed to lose both
NTC (S) and intron (D) fluorescence simultaneously (within the
experimental time resolution of 0.75 min; Fig. 4A). This likely
reflected lariat intron and spliceosome release from the surface-
tethered mRNA upon completion of exon ligation. We selected
this subset of molecules for further analysis, as doing so allowed
us to specifically characterize the changes in EFRET occurring in
fully assembled, catalytically active spliceosomes (e.g., the single-
molecule record in Fig. 4B). Aligning the EFRET records according
to the time of NTC binding (Fig. 4C) revealed <EFRET> = 0.2 ±
0.1 (S.D.) immediately before and <EFRET> = 0.2 ± 0.1 (S.D.)
immediately after NTC acquisition (Fig. 4D, Upper). However, an
exponential transition (apparent first-order rate constant 0.75
min−1) to <EFRET> = 0.40 ± 0.16 was observed subsequently (Fig.
4D). Thus, NTC binding did not in itself alter EFRET, but sub-
sequent step(s) did.
Examination of the EFRET records for individual molecules

showed that the <EFRET> = 0.4 was caused by fluctuation on the
time scale of tens of seconds between a highly populated state with
EFRET = ∼0.3 and less populated states of EFRET > 0.5 (Fig. 4 B
and C). The latter nearly always did not occur immediately but
appeared to lag behind the former; this observation was confirmed
by kinetic modeling (Fig. 4D, Lower; Fig. S9; lag time ∼2 min).
When we analyzed the records by aligning them to the time of

intron and NTC release (trelease = 0), we observed a progressive

shift from EFRET = ∼0.3 states to EFRET > 0.5 states (Fig. 4 E
and F and Fig. S10). Only in the last 1–2 min before intron re-
lease does the population in the highest EFRET state in the model
exceed those in the lower EFRET states. Thus, the data are
consistent with reversible passage through a sequence of two or
more states in which the 5′SS and BS become closer after NTC
binding and before intron release.

Discussion
By simultaneously monitoring the energy transfer efficiency of
a FRET pair in the pre-mRNA and the binding of spliceosomal
subcomplexes, this work defines by direct observation the tem-
poral relationship between pre-mRNA conformational changes
and specific steps in the assembly/activation process. Importantly,
in some experiments we could restrict our analysis to catalytically
active spliceosomes, allowing us to disregard the significant frac-
tion of pre-mRNAmolecules that assemble in vitro into dead-end
complexes not on the pathway to splicing (4). In general, changes
in EFRET can be caused by changes in D or A quantum efficiency,
changes in the orientation of D relative to A, or changes in dis-
tance between D and A. Our measurements exclude significant
changes in quantum efficiency. Changes in relative orientation are
possible, but we view these as unlikely to cause the large EFRET
changes we observe: orientation effects are likely to be averaged
out given that the dyes are attached to the pre-mRNA through
long linkers that likely allow for high mobility. Thus, we hypoth-
esize that the EFRET changes predominantly reflect distance
changes (19). If so, our EFRET data suggest that the 5′SS and BS
are held apart from the earliest stage of spliceosome assembly and
remain separated until after the very last assembly step, NTC
arrival. After NTC arrival we detect multiple structural transitions
in which the 5′SS and BS appear to more closely approach one
another before spliced exon release.
Our results are superficially at odds with previous crosslinking

and hydroxyl radical cleavage studies suggesting close apposition
of the 5′SS and BS at early states of spliceosome assembly (6–11).
Using FRET–CoSMoS, we see no evidence for a stable close
approach of these sites in early complexes. Nonetheless, we did
observe transient excursions into higher EFRET (e.g., the single-
molecule record in Fig. 2D); these excursions might correspond to
the close approach detected in trapping studies. Transient fluc-
tuations in single-molecule EFRET were also observed in a pre-
vious splicing study (20). However, the relationship between those
observations and ours is unclear because the D and A positions
were different, and the earlier experiments were conducted with
higher time resolution but shorter data record durations.
The most straightforward interpretation of our data are that in

WCE, the 5′SS and BS of RP51A pre-mRNA are close together
until U1 binds, at which point they are held apart and remain so for
the rest of the spliceosome assembly process. Only after binding of
NTC do the sites likely come into closer proximity, as evidenced by
a transition to a state with EFRET = ∼0.3 (Fig. 4 C and D). These
conclusions are consistent with the NTC providing essential
structural support for the activated spliceosome (21) by stabilizing
interactions between the U5 and U6 snRNAs and the pre-mRNA
(22). Furthermore, the NTC component Cwc2 has recently been
proposed to tether the 5′SS:U6 snRNA duplex to the spliceo-
some’s catalytic center including the essential U2:U6 snRNA du-
plex (helix I) immediately adjacent to the U2:BS duplex. UV-
crosslinking and structural probing experiments have shown that
Cwc2 interactions with these components increase in catalytic
spliceosomes relative to spliceosomes stalled at earlier stages (23).
Our observation of a FRET transition with an apparent rate of
0.75 min−1 may reflect the formation of these interactions and
suggests that these conformational changes are not rate-limiting
for the overall splicing reaction.
Once in this conformation, the complex can transiently and

reversibly form states with EFRET > 0.5, suggesting large-scale

C

D

E

B
A

Fig. 3. Schematic of spliceosome assembly (A) and EFRET distributions for
different stages of spliceosome assembly (B–E). (B and C) Spliceosome as-
sembly was blocked before U2 addition in U1-labeled WCE by ATP depletion
(B) or by RNase H ablation of U2 snRNA (C). EFRET of pre-mRNAs exhibiting
U1 fluorescence was measured 10 min after WCE addition. (D) Assembly was
blocked before U4/U6.U5 addition in U2-labeled WCE by RNase H ablation of
U6. EFRET of pre-mRNAs exhibiting U2 fluorescence was measured 15 min
after WCE addition. (E) Activation was blocked before U4 release in U5-
labeled WCE by limiting the concentration of ATP to 50 μM. EFRET of pre-
mRNAs exhibiting U5 fluorescence was measured 45 min after WCE addition.
The histograms (B–E) include five EFRET values (0.2 s each) for each of the n
molecules measured.
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Fig. 4. EFRET changes between NTC binding and intron release. (A) Example images (0.2 s duration) of a single pre-mRNA molecule exhibiting binding of
labeled NTC (S; at tNTC = 0) and subsequent release of D-labeled intron and NTC (at trelease = 0). Key as in Fig. 2C. Each set of four images (acquired over 1 s
total) was separated by a 45 s delay (wavy lines) during which there was no excitation. (B) Time record of EFRET from the same molecule shown in A. (C–F)
Analysis of EFRET for pre-mRNA molecules (n = 90) observed to bind NTC, and subsequently lose both NTC and intron fluorescence in the same acquisition
interval. For C and D, the records of 85 molecules were aligned so that the time of the last detected NTC binding was positioned at tNTC = 0; for E and F, the
records from 56 molecules were aligned so that the time of disappearance of NTC and intron fluorescence was positioned at trelease = 0. Both the evolution of
the EFRET distribution over the molecular population (C and E) and the <EFRET> ± SD (D and F, Upper) are shown. Also shown (D and F, Lower) are the relative
populations of three species with EFRET = ∼0.2, EFRET = ∼0.3, and EFRET > 0.5 derived assuming a three EFRET-state model (SI Materials and Methods and Figs. S9
and S10). (G) Schematic working model of reaction pathway from NTC addition to product release and hypothesized EFRET values for the reaction inter-
mediates. The complex shown at top is the same as that shown at the bottom of Fig. 3A.
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pre-mRNA conformational fluctuations within the activated spli-
ceosome. These fluctuations are reminiscent of those observed in
earlier single-molecule FRET studies of protein-free U2 and U6
snRNAs (24). In the spliceosome, these structural alterations
could well be events mediated by ATPases [Prp2 (25) and Prp16
and Prp22 (26, 27)] or other first or second step splicing factors
[e.g., Yju2 (28) or Cwc25 (29)]. In the high EFRET states, the dis-
tance between the 5′SS and BS is probably greatly reduced, sug-
gesting that one or more of these states may be the catalytic state
in which the first chemical step of splicing occurs (Fig. 4G).
One of the most important jobs of the spliceosome is to ensure

that chemistry occurs only at appropriate splice sites. To ensure
high fidelity of splice site selection, multiple steps of spliceosome
assembly are reversible and/or are subject to proofreading pro-
cesses that remove inappropriately formed complexes (4, 26). Our
finding that potential sites of chemistry are likely to be kept phys-
ically separate until the spliceosome is correctly assembled for ca-
talysis is a previously unknown feature of the splicing mechanism.
Such enforced separation may be essential to prevent splicing at
incorrect sites.

Materials and Methods
Materials. The 5′-GpppG capped RP51A pre-mRNAs containing indicated
FRET D and A dye pairs and a 3′ biotin tag were assembled from six separate
chemically or enzymatically generated RNA fragments by enzymatic liga-
tion. For single-molecule experiments, pre-mRNAs were attached to biotin-
conjugated polyethylene glycol fused silica coverslips via a streptavidin
sandwich. Haploid yeast strains containing C-terminally SNAP-tagged pro-
teins expressed from their endogenous loci were generated by homologous
recombination. WCE for ensemble and single-molecule splicing reactions
was prepared by grinding frozen yeast cells in a ball mill and then subjecting
the clarified lysate to size exclusion chromatography. SNAP-tagged WCEs

were Atto488 dye-labeled by incubation with 1–2 μM SNAP–Surface 488
(New England Biolabs 124S) for 30 min at 25 °C, followed by size exclusion
chromatography to remove excess dye. U2 and U6 snRNA ablation was ac-
complished by adding a cDNA oligo to the appropriate WCE, followed by
10 min incubation at 25 °C. See SI Materials and Methods for more details.

Splicing and Spliceosome Assembly Reactions. All reactions contained 40%
(vol/vol) WCE in splicing buffer consisting of 100mM potassium phosphate pH
7.3, 2.5 mM MgCl2, 3% PEG 8000 (wt/wt), 1 mM DTT, 400 U/mL RNasin+
(Promega), and containing the protocatechuate 3,4 dioxygenase/proto-
catechuic acid oxygen scavenging system and triplet state quenchers (Trolox,
n-propyl gallate, 4-nitrobenzyl alcohol) (4), and were carried out at 21–23 °C
(single-molecule experiments) or 25 °C (ensemble experiments) for the times
indicated. See SI Materials and Methods for more details.

Microscopy and Data Analysis. Single-molecule FRET and FRET–CoSMoS image
sequences were recorded using a previously described multiwavelength sin-
gle-molecule fluorescence microscope (14). A 488, 532, or 633 nm laser was
used for dye excitation, and the emission optics produced a spectrally dis-
criminated dual view of a sample region: fluorescence emissions at wave-
lengths <635 nm formed one image, while those with wavelengths >635 nm
formed a second image of the same sample region. Data were analyzed with
custom MATLAB (The Mathworks) image-processing software. A three EFRET-
state model was fit with program vbFRET (30). See SI Materials and Methods
for more details.
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