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In eukaryotes, the process of intron removal from nuclear
pre-mRNA is performed by the spliceosome, a dynamic mo-
lecular machine composed of small nuclear ribonucleoproteins
(snRNPs; Ul, U2, U4, U5, and U6) and dozens of other protein
splicing factors. The U6 snRNP contains the U6 small nuclear
RNA (snRNA) and the proteins Prp24 and Lsm2-8 hetero-
heptamer. A key feature of the snRNP is a modified U6 snRNA
3’ end, which in Saccharomyces cerevisiae (yeast) contains a 3’
phosphate. U6 plays an essential role in splicing, and the U6
snRNP must be completely disassembled for splicing to occur.
Once splicing is finished, the snRNP must then be reassembled
to participate in a subsequent splicing reaction. While splicing
efficiency depends on rapid U6 snRNP assembly, this process
has not yet been kinetically characterized. Here, we use
colocalization single-molecule spectroscopy to dissect the ki-
netic pathways of yeast U6 snRNA association with the Lsm2-8
complex and their dependence on the Prp24 protein and post-
transcriptional snRNA modification. In the absence of 3'-end
processing, Lsm2-8 association with the RNA is highly
dependent on Prp24. However, processed RNAs can rapidly
recruit Lsm2-8 in the absence of Prp24. Post-transcriptional
processing facilitates Lsm2-8 association, whereas the pres-
ence of Prp24 promotes both recruitment and retention of the
complex. This suggests that efficient U6 snRNP assembly could
depend on Kkinetic selection of Lsm2-8 binding to 3’-end
modified or Prp24-bound U6 snRNAs in order to discriminate
against association with other RNAs.

In eukaryotes, the removal of introns from pre-mRNA is
accomplished by a dynamic molecular machine known as the
spliceosome. This machine is partly composed of five small
nuclear ribonucleoproteins (snRNPs) named U1, U2, U4, U5,
and U6, which each consist of small nuclear RNA (snRNA)
molecules and associated protein factors. Throughout the
splicing process, the splicecosome undergoes a precisely
orchestrated series of assembly, activation, catalysis, dissocia-
tion, and recycling steps involving the snRNP particles (1-3).
Among the snRNAs, U6 is the most highly conserved and the
most dynamic (4, 5). For splicing to occur, U6 snRNPs con-
taining the U6 snRNA, Prp24 protein, and Lsm2-8 protein
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heteroheptamer must first associate with the U4 snRNP and
form base-pairing interactions between the U4 and U6
snRNAs (5). The U4-U6 di-snRNP must then associate with
the U5 snRNP to form the U4/U6.U5 tri-snRNP, and Prp24
must dissociate at some point during this process (6). The tri-
snRNP is subsequently integrated into the spliceosome and
then drastically remodeled: the U4 snRNP and Lsm2-8 com-
plexes are released to allow base pairing between the U2 and
U6 snRNAs, between the U6 snRNA and the intron, and
intramolecular base pairing within U6 itself. When splicing
concludes, U6 snRNA must be released from the spliceosome
by translocation of the Prp43 helicase along the RNA in the
3’ - 5’ direction (7-9). At some point, U6 snRNA then reas-
sociates with Prp24 and Lsm2-8 to regenerate the U6 snRNP.

Initial biogenesis of the U6 snRNP follows a similar pathway
involving Prp24 and Lsm2-8 (5). However, the nascent U6
snRNA must also be post-transcriptionally modified. U6
snRNA is generated by RNA polymerase (RNAP) III, which
terminates transcription in response to a poly-U tract found at
the 3’ end of U6 (10). After transcription, the 3’ terminal diol
of U6 is initially bound by the protein chaperone Lhpl,
providing protection against degradation (11). Following the
association of Prp24, Lhpl is released, and the 3’ end is
exposed for processing by the Usbl exonuclease (12). Usbl
removes a terminal uridine from U6 while generating a 3’
phosphate at the new terminus (12, 13). While not
strictly essential for Lsm2-8 binding, this processing increases
the equilibrium affinity of Lsm2-8 for U6 by threefold to
sevenfold (12).

How Lsm2-8 correctly recognizes and binds to the U6
snRNA is an important biological problem since eukaryotic
cells contain different Lsm complexes with distinct functions.
The spliceosomal Lsm2-8 complex functions to stabilize the
U6 snRNA and has been proposed to facilitate U2-U6 snRNA
duplex formation (or promote duplex stability) during as-
sembly of the spliceosome active site (14). The Lsm2-8
complex shares six of its seven subunits with the Lsm1-7
complex, differing only in exchange of Lsm8 for Lsm1. While
Lsm2-8 promotes snRNA stability, Lsm1-7 binding to RNAs
promotes their degradation (15). Both Lsml-7 and 2-8
complexes can preferentially bind poly-U terminated RNAs,
such as the U6 snRNA and other RNAPIII transcripts. In the
case of the Schizosaccharomyces pombe proteins, 3'-end
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Kinetic analysis of Lsm2-8 binding to the U6 snRNA

modification increases the affinity of Lsm2-8 ~4-fold (from
Kp =100 to 26 nM), whereas decreasing the affinity of Lsm1-7
by more than 10-fold (from Kp = 25 to 329 nM) (16). This
suggests that post-transcriptional modification plays an
important role in targeting Lsm complexes to the correct
RNAs and to reduce binding to the incorrect transcripts.
Interestingly, it has also been shown in yeast that Lsm2-8 is
important for nuclear degradation of unspliced or nuclear-
retained mRNAs (17), reinforcing the notion that correct
recognition of RNA 3’ ends by Lsm proteins can have conse-
quences on the transcriptome.

The assembly of the Saccharomyces cerevisiae (S. cerevisiae,
yeast) U6 snRNP has been reconstituted from purified com-
ponents in vitro and is highly efficient (12, 18, 19). This rep-
resents a powerful system for dissecting how RNA and
proteins dynamically interact with one another during mo-
lecular assembly and for connecting in vivo genetic results to
quantifiable changes in structure, kinetic, or thermodynamic
stabilities. While several in vitro studies have elucidated the
equilibrium parameters that describe binding between the U6
snRNA and its associated proteins (i.e., Kps) (12, 18, 20-22),
there is little information about the kinetic details of U6
snRNP assembly starting either from a nascent transcript or
the 3’-end-modified snRNA. In cells, it is possible that kinetic
pathways dominate how U6 snRNPs are assembled since
competing, nonreversible pathways of RNA export, degrada-
tion, and assembly into larger splicing complexes may prevent
equilibrium conditions from being established. Indeed, it is
well known that many steps in gene expression do not occur at
equilibrium in cells (23).
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In this study, we have analyzed the kinetic properties of yeast
U6 snRNP assembly in vitro using purified components and
colocalization single-molecule spectroscopy (CoSMoS). Single-
molecule experiments like CoSMoS offer distinct advantages
compared with ensemble assays by enabling the detection of
transient intermediates, facilitating the identification of alter-
native assembly pathways, and visualizing complexes in real
time as they form rather than with discontinuous experiments
such as EMSAs (24, 25). By studying the kinetics of Lsm2-8
complex binding with U6 snRNA as a function of RNA 3'-end
composition and the presence or absence of Prp24, we show
that post-transcriptional processing of U6 significantly changes
Lsm2-8 binding kinetics. Addition of Prp24 appears to opti-
mize this interaction, further stabilizing the complex. In
particular, the SNFFL-box motif in the C-terminal domain of
Prp24 can modulate the accessibility of U6 for Lsm2—-8 binding
depending on the RNA’s post-transcriptional modification
status. Together, our results suggest that 3’-end modification of
U6 may increase the efficiency of U6 snRNP assembly by
providing access to an alternate pathway in which Lsm2-8 can
rapidly bind prior to Prp24 association.

Results
Fluorophore-labeled Lsm2-8 binds 3'-end modified RNAs

For imaging single molecules of yeast Lsm2-8, we con-
structed an Lsm2-8 expression plasmid in which Lsm8 is
genetically fused at the C terminus to the fast SNAP tag
(Lsm2—8fSNAP; Figure 1, A and B). We have previously shown
that a similar C-terminal fSNAP fusion to Lsm8 is functional

-o- Lsm2-8"T, U6 95-113-OH
& Lsm2-8°V°, U6 95-113-OH
-0- Lsm2-8"T, U6 95-112-P
-0 Lsm2-85V U6 95-112-P
-0- Lsm2-8"7, U6 95-112-OH
-0 Lsm2-8%* U6 95-112-OH

log [Lsm2-8] (nM)

Figure 1. Fluorophore-labeled yeast Lsm2-8 binds 3’-end modified RNAs. A, cartoon structure of Lsm2-87NAP-PY549 The SNAP tag is attached to the C
terminus of Lsm8 via a flexible linker. B, crystal structure of the yeast U6 snRNP. U6 snRNA is shown in dark gray. Prp24 is depicted in a surface repre-
sentation in light gray and yellow-orange colors. The SNFFL-box domain of Prp24 is shown in red, bound to the Lsm2-8 complex. The flexible linker
connecting this domain to rest of Prp24 could not be modeled based on the crystallographic data and is represented as red dashes. The Lsm2-8 ring is
shown in surface representation in blue-green colors with Lsm8 in dark blue (Protein Data Bank ID: 5VSU). C, EMSA analysis of Lsm2-8"N*? and
Lsm2-8NAP-DYS49 hinding ability relative to WT protein to U6 RNAs. D, fluorescence polarization binding data comparing Lsm2-8"" and Lsm2-8NAP
binding to U6 RNA fragments (nt 95-112 or —113) with either diol or 3’ phosphate-end modifications. Each point represents the average of three technical
replicates, and bars represent £SD. snRNA, small nuclear RNA; snRNP, small nuclear ribonucleoprotein.
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in vivo and assembles into spliceosomes (14). We expressed
and purified assembled Lsm2-8"NA" complexes from
Escherichia coli. Lsm2-8"N" was then labeled SNAP-Surface
549 (DY549), and the excess dye was removed by gel filtration
chromatography (Fig. S1A4). UV—visible spectroscopy was used
to determine the extent of fluorophore labeling (~80%).

We tested the impact of fSNAP labeling on Lsm2-8 binding
to U6 RNAs. EMSAs confirmed that the fluorophore-labeled
Lsm2-8"NP bound an RNA oligo representing U6 nucleo-
tides (nt) 95 to 113 with a terminal 2/, 3’ diol (U6 95-113-OH)
similarly to the untagged complex (Fig. 1C). We then used
fluorescence polarization assays to study the affinities of un-
labeled Lsm2-8"NAP complexes for RNAs with different
modification states of U6 (Fig. 1D). Like Lsm2-8¥7T,
Lsm2-8"NAP showed the highest affinities for RNAs with
either a five uridine 3’ end (U6 95-113-OH) or with a four
uridine 3’ end containing a 3’ phosphate (U6 95-112-P;
Table S1). RNAs containing four uridines and a 2/, 3’ diol at
the 3’ end (U6 95-112-OH) bound both complexes with lower
affinity. From these assays, we conclude that the labeled
Lsm2-8™NAP complex interacts similarly with U6 RNA as does
the untagged version.

Single-molecule assays of U6 RNA binding recapitulate
ensemble observations

To image Lsm2-8"NAP proteins associated with U6

snRNAs, we used two-color CoSMoS assays (26). In these
experiments, full-length, Cy5-labeled U6 RNAs (nts 1-113; 1—
113-OH) were prepared by splinted ligation (Fig. S1B) and
then immobilized to passivated glass slides with biotin—
streptavidin. Interactions with DY549-labeled Lsm2-8SNAP
could then be visualized by observing colocalization between
the red (632 nm) laser— and green (532 nm) laser—excitable
fluorophores on the RNA and Lsm2-8"NAF respectively
(Fig. 2A). Data were collected using a micromirror multi-
wavelength total internal reflection fluorescence microscope
(27, 28).

In a specific field of view, we simultaneously tracked binding
events occurring on hundreds of U6 1-113-OH RNA mole-
cules (Fig. 2B). We frequently observed spots of fluorescence
from Lsm2-8"N4" dynamically colocalizing with tethered
RNA locations—indicating that Lsm2-8 association with the
RNA:s is reversible. As a control, if RNA was omitted from the
surface, we observed significantly fewer (~15-fold lower)
Lsm2-8"NAP binding events (Fig. S2). This suggests that
colocalization events observed between Lsm2—8"N*" and the
immobilized RNAs represent RNA-dependent interactions. To
test if these interactions are also influenced by the free 3’ end
of the U6 RNA, we first incubated the immobilized RNAs with
the yeast Lhpl protein, which tightly binds U6 RNAs con-
taining a terminal 3’ diol. We predicted that this should ste-
rically block the association of the fluorescent Lsm2-85NAP
complex with U6 1-113-OH. This prediction was correct, and
addition of Lhpl reduced the number of colocalized
Lsm2-8"NAP binding events to background levels (Fig. S2).
Finally, we used yeast Prp24 protein to release Lhpl from the
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immobilized U6 RNAs and restore Lsm2-8NAP binding
(Fig. S2). Together, these results indicate that Lsm2-8“NAP
molecules colocalize with immobilized U6 RNAs depending
on the accessibility of the RNA 3’ end and that Prp24 can
release Lhpl from immobilized U6 RNAs. We conclude that
these single-molecule assays recapitulate key features of the U6
snRNP assembly pathway defined by bulk experiments (12).

3'-End modification of U6 changes Lsm2-8 occupancy and
interaction kinetics

In yeast, U6 snRNAs are synthesized by RNAPIII, and
transcription termination generates heterogeneously sized U6
tails ranging from 4 to 8 nt (5). Processing by Usb1 leads to the
reduction of the U-tail length by one nucleotide and leaves
behind a terminal 3’ phosphate group (12). In order to
investigate the influence of different tail lengths and chemical
groups on the binding behavior of Lsm2-8“NP we carried
out CoSMo$ assays with Lsm2—-8NAF on three different types
of full-length, immobilized U6 RNAs: a mimic of the unpro-
cessed form (U6 1-113-OH), a mimic of the product of yUsb1
processing (U6 1-112-P), and a final form lacking both one
uridine in the 3’ tail and the 3’ phosphate group (U6 1-112-
OH) (Fig. 2C).

Representative fluorescence trajectories of Lsm2-
fluorescence colocalized with individual U6 RNAs are shown
in Figure 2D. These trajectories suggest that the modification
status of the U6 RNA 3 end can change Lsm2-8"NA inter-
action dynamics: fewer and shorter events are observed with
the U6 1-112-OH RNA relative to the other two. To provide
overviews of binding events occurring on many different
RNAs, we created rastergrams where the colocalization of
Lsm2-8"NAP is represented by a purple segment and its
absence by a white segment for 90 different RNA molecules.
These rastergrams were further sorted by the timing of the first
Lsm2-8"NAP binding event, with RNAs binding Lsm2-8“NAP
earlier being assigned a lower number on the y-axis (Fig. 2,
E-G).

From the rastergrams, it is evident that many more binding
events are observed on the U6 1-112-P RNA relative to the
others. In contrast, binding events to an RNA of the same
length but lacking the 3’ phosphoryl modification (U6 1-112-
OH) are both shorter and less frequent. Increasing the RNA
tail length restores some long-lived binding events (U6 1-113
OH) but not the event density seen with the phosphoryl
modification. Together, the rastergrams indicate that the U6
RNA mimicking modification by Usb1l has increased interac-
tion with Lsm2-8"NA”.

To quantify these changes more accurately, we first deter-
mined the total fractions of experimental times each RNA was
colocalized with Lsm2—8"NAP (Fig. 2H). As expected from the
rastergrams, U6 1-112-P RNAs spent nearly twice as often
colocalized with Lsm2-8™NAP proteins as did the other RNAs.
We then analyzed the distributions of dwell times for binding
events as well as the times in between binding events (Fig. 2, I
and J). These distributions show that Lsm2-8 complexes
tended to bind the U6 1-112-P RNA more quickly (lower
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Figure 2. U6 RNA 3'-end modification impacts Lsm2-87"*F binding kinetics. A, schematic representation of the CoSMoS assay for monitoring
Lsm2-8"NAP Y549 hinding to immobilized, Cy5-labeled U6 RNAs. B, left, representative micrographs showing individual U6 snRNA molecules tethered to the
slide surface in a field of view (FOV). Right, zoom-in of a portion of the FOV showing individual U6 RNA molecules (red boxes on the left) and colocalized
Lsm2-8"NA" molecules (bright spots inside the green boxes on the right). C, chemical structures of the RNAs used in the CoSMoS assays highlighting the
structure of the RNA 3’ ends. D, representative fluorescence trajectories showing Lsm2-8NAP PY549 hinding events to the RNAs. E-G, rastergrams illustrating
the binding of Lsm2-8 to 90 different molecules of U6 1-113-OH (E), U6 1-112-P (F), and U6 1-112-OH (G), sorted based on the time of first Lsm2-8™NA

P¥549 hinding event detection. H, average fraction of time U6 molecules spend colocalized with Lsm2-8™NAP Y542 Bar heights represent the average from
three technical replicates (dots), and bars represent £SD. | and J, violin plots representing the dwell time distributions for unbound (/) and bound (J) states
across three different RNAs. Each violin plot is overlaid with a box plot that indicates the median (horizontal line), interquartile range (IQR, box), and whiskers
extending to 1.5 times the IQR. The numbers above each violin plot denote the number of lifetimes included in the respective distribution. The median
dwell times are shown below each plot. CoSMoS, colocalization single-molecule spectroscopy.

unbound times; Fig. 2]) than either the 1-113-OH or 1-112- times in more detail, we fit each distribution of dwell times to
OH RNAs. Once bound, Lsm2-8 complexes tended to an equation containing two exponential terms to vyield
remain associated with the 1-113-OH and 1-112-P RNAs characteristic lifetimes for the bound (Tyoung) and unbound
longer relative to the 1-112-OH RNA. To analyze the dwell (Tunpouna) States (Tables S2 and S3). For the unbound times, we
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observed a multiexponential distribution for each RNA with
characteristic short- and long-Tynpbouna parameters. In
comparing the unmodified and modified U6 RNA mimics (U6
1-113-OH and U6 1-112-P, respectively), the most significant
differences are found in a large increase in the amplitude of the
short-Tynpound parameter (increasing from 0.50 to 0.81) and a
decrease in the value of T ypoung from ~86 to 32 s because of
the modification. One interpretation of these data is that U6-
end modification increases both the rate of Lsm2-8 binding
(as observed in the decrease T ,poung) and the likelihood of the
RNA being able to bind Lsm2-8 rapidly (as observed by the
increase in amplitude).

We also analyzed the distributions of bound dwell times
(Table S3). In all cases, we observed a long-lived component of
~200 to 300 s. To determine if the lifetime of the longest-lived
events could be shortened because of photobleaching, we
analyzed the photobleaching rate of an immobilized fSNAP
protein labeled with DY549 under the same conditions
(Fig. S3). For the photobleaching control, the labeled SNAP
protein had a characteristic lifetime of ~2682 s, at least 10-fold
longer than the lifetime of the Lsm2-8"NAP proteins when
associated with U6. Therefore, we assume that photobleaching
had a minimal impact on the observed lifetime of the longest-
lived Lsm2—-8"NA binding events.

In contrast with the analysis of unbound dwell times, the
characteristic Tpounq parameters for the U6 1-113-OH and U6
1-112-P RNAs were quite similar to one another. In both
cases, the fits were best described with two exponential terms.
The amplitudes of the short- and long-lived parameters were
only modestly higher (0.20 versus 0.31) for the long-lived
parameter for U6 1-112-P. This suggests that while 3'-end
modification can increase Lsm2-8 occupancy on U6, the
origin of this effect stems mostly from facilitating protein as-
sociation rather than just stabilization of the bound state.
Interestingly, the U6 1-112-OH RNA showed a dramatic
decrease in bound state lifetimes with an amplitude of the
long-lived parameter of only 0.01. The vast majority of binding
events observed on that RNA were short lived with a charac-
teristic Tpoung Of ~12 s. This RNA also showed an increase in
the characteristic times for Tumpouna (Table S2). Lack of
Lsm2-8"NAP occupancy on the U6 1-112-OH RNA originates
both from difficulties in recruiting the protein complex to the
RNA and stabilization of the complex once bound.

Kinetic mechanism for Lsm2-8 recruitment to modified U6
RNAs

We further analyzed the single-molecule data for Lsm2-8-
SNAP hinding the U6 1-112-P RNA to determine a kinetic
mechanism that fit the observed dwell times. We carried out
this analysis only with the U6 1-112-P RNA since it likely
represents the predominant species for Lsm2-8 recruitment
during U6 snRNP recycling from spliceosomes. We collected
single-molecule data at various concentrations of Lsm2-—
8NAP (1, 3, and 10 nM) and then globally fit the data to
various kinetic schemes containing two, three, or four states
using QuB software (29). We determined the best fit to be to a
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four-state model (Fig. S4). Lsm2-8 binding predominantly
occurs in a single step with a ky, of 1.94 x 10" M s and
ko = 0.045 s™'. However, either or both U6 and Lsm2-8 can
rarely transition to a state from which the U6/Lsm2-8 com-
plex cannot form directly. In addition, the U6/Lsm2-8 com-
plex itself can rarely transition to a state from which Lsm2-8
cannot directly dissociate. It is possible that these rare states
represent alternate conformations of the protein or RNA that
preclude Lsm2-8 association or dissociation.

Prp24 facilitates Lsm2-8 recruitment on unmodified RNAs

Since binding of Prp24 to displace Lhpl is a prerequisite for
subsequent Lsm2-8 binding on unmodified U6 RNAs (12, 30,
31), we next investigated the influence of Prp24 on Lsm2-8-
fSNAP jnteractions with U6 (Fig. 34). In these experiments, we
added a solution containing both Prp24 and Lsm2-8"NAF to
slides containing immobilized U6 molecules and monitored
Lsm2-8"NAP binding to the RNAs. One caveat of these ex-
periments is that we did not monitor Prp24 binding directly;
however, it was added at a concentration of 100 nM, ~5-fold
higher than the reported K at 21 nM (18).

When we analyzed individual fluorescence trajectories, we
noticed that while the majority RNAs bound only one
Lsm2-85NAP complex at a time, a small subset showed step-
wise changes in fluorescence consistent with the presence of at
least two Lsm2-8"NAP complexes associated with the same
RNA (Fig. 3B). To simplify our analysis, we first analyzed only
the subset of RNAs that bound a single Lsm2-8"NAF complex
at a time. A rastergram analysis of these RNAs revealed that
addition of Prp24 increases the association of Lsm2—85NAP
with U6 regardless of the 3’-end modification (Fig. 3, C-E).
Lsm2-8 exhibited similar binding patterns on both U6 1-113-
OH and 1-112-P, whereas binding on 1-112-OH appeared
weaker but still stronger than was observed in the absence of
Prp24 (Fig. 2F).

When we quantified the extent of Lsm2-8*NAP occupancy
on RNAs in the presence of Prp24, we saw little change in
occupancy with U6 1-112-P (Fig. 3F). However, Prp24
increased the occupancy fractions for both the 1-113-OH and
1-112-OH RNAs to levels more closely resembling that
observed for 1-112-P. When comparing the distributions of
dwell times (Fig. 3, G and H), it is apparent that Prp24 can
perturb both unbound and bound times for the 1-113-OH and
1-112-OH RNAs. In contrast, the distributions of times
observed on the 1-112-P RNA were similar regardless of the
presence or absence of Prp24.

When comparing the characteristic Tynpound and Thound
times for the unmodified (1-113-OH) and modified (1-112-P)
RNA mimics in the presence of Prp24, the effect of Prp24 is
most pronounced in a change in the long-lived Tpoung
parameter for U6 1-113-OH (Table S3). The amplitude of this
parameter doubles from ~0.20 to 0.55 because of the presence
of Prp24, and the associated characteristic lifetime increases
from ~183 to 290 s. Similarly, parameters for the unbound
state for U6 1-113-OH show a reduction in the times between
binding events (Table S2). Overall, the parameters for the
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Figure 3. Pr324 enhances Lsm2-8%"A? pinding kinetics to unmodified RNAs. A, schematic representation of the CoSMoS assay for monitoring
Lsm2-8NAP BY549 hinding in the presence of unlabeled Prp24. B, representative fluorescence trajectories showing single Lsm2-8™NAP PY>49 (top traces) or
double (bottom traces) to RNAs in the presence of Prp24. C-E, rastergrams iIIustrating the binding of Lsm2-8 to 90 different molecules of U6 1-113-OH (C),
U6 1-112-P (D), and U6 1-112-OH (E), sorted based on the time of first Lsm2-87NAP BY549 hinding event detection. F, average fraction of time U6 molecules
spend colocalized with Lsm2-8™NAP PY>4% i the presence of Prp24. Bar heights represent the average from three technical replicates (dots), and bars
represent +SD. Data for the absence of Prp24 are replicated from Figure 2H to facilitate comparison. G and H, violin plots representing the dwell time
distributions for unbound (G) and bound (H) states across three different RNAs. Each violin plot is overlaid with a box plot that indicates the median
(horizontal line), interquartile range (IQR, box), and whiskers extending to 1.5 times the IQR. The numbers above each violin plot denote the number of
lifetimes included in the respective distribution. The median dwell times are shown below each plot. Data for the absence of Prp24 are replicated from
Figure 2, I and J to facilitate comparison. For data shown in C-H, only RNAs containing single binding events were analyzed. CoSMoS, colocalization single-
molecule spectroscopy.

Lsm2-8"NAP binding to U6 1-113-OH in the presence of
Prp24 more closely resemble those for binding to U6 1-112-P
than when Prp24 is absent. The U6 1-112-OH RNA is also
impacted by Prp24 with increased binding because of changes
in both the amplitude of the long-lived bound state (~10-fold

Lsm2-8 and U6 have similar lifetimes independent of the 3'-
end modification when Prp24 is present (300—400 s).

The SNFFL box is required for Prp24 to promote Lsm2-8

increase) and decreased times between binding events. In
summary, Prp24 can facilitate the recruitment of Lsm2-8 to
unmodified RNAs, and the longest-lived complexes between
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binding to unmodified U6 RNAs

Previous studies have shown that the SNFFL box of Prp24
interacts with Lsm2-8 (Fig. 1B). We wondered if a U6—Prp24
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complex could present multiple surfaces for Lsm2-8 interac-
tion, one of which could be dependent on the SNFFL box (19).
These multiple surfaces could result in the double binding
events we observed on some RNAs in the presence of Prp24
(Fig. 3B). To test this, we purified a Prp24 mutant lacking the
SNFEL box. In comparison with WT Prp24, PrpZZLAS‘NFFL is
less efficient at forming U6-Prp24 and U6-Prp24—-Lsm2-8
complexes by EMSA (Fig. 44).

We then determined if use of the Prp24ASNFFL protein
would change the frequencies at which we observed double
binding events of Lsm2-8"N" on U6 RNAs in the CoSMoS
assay. We tested this with the U6 1-112-P RNA since double
binding events were much more rarely observed with the other
RNAs (Fig. 4B). With U6 1-112-P, RNAs spent nearly 15% of
the total experimental time associated with more than one
Lsm2-8"NAP protein in the presence of Prp24 compared with
~5% in its absence. However, when Prp24ASNFFL was used, this
increase was not observed and observations of double occu-

pancy in the presence of PrpZZLASNFFL were similar in

frequency as to when Prp24 was omitted altogether. These
data suggest that more than one Lsm2-8 complex can be
recruited to a single U6 RNA at one time via the SNFFL
domain of Prp24.

Finally, we tested if the SNFFL domain would have any
impact on the ability of Prp24 to recruit Lsm2-85NAP to un-
modified U6 RNAs 1-112-OH or 1-113-OH. Much to our
surprise, the addition of Prp24ASNFFL prevented Lsm2—85NAP
binding to the U6 1-112-OH and 1-113-OH RNAs but not to
U6 1-112-P (Fig. 4D). This was unexpected since we observed
strong binding of Lsm2-8"N" to both RNAs in the presence
of full-length Prp24. In fact, Lsm2—8"N*" binding to the 1-
113-OH RNA in the presence of Prp24ASNFFL was less than if
Prp24 was omitted entirely. This suggests Prp24ASNFFL can
inhibit Lsm2-8 from binding cis-diol-terminated U6 RNAs.

A possible mechanism to account for this could be
sequestration of the 3’ end of U6 by Prp24ASNFF " when it
contains a cis-diol but not a terminal phosphate. This
sequestration then prevents Lsm2-8 binding. To test this

A 100nM Lsm2-8 100nM Lsm2-8
[Prp24] [Prp24ASNFrL]
i
(M) "0 100 200 0 100 200
U6-Lsm2-8-Prp24 | Y St
bt bt [ UB Lsm2-8- Prp244ShFrL
U6-Lsm2-8 | —
o s | UB-Prp24asnFrL
U6 | - —
Lane 1 2 3 4 5 6 7
B _ (o4 _
R o020 1-113-OH (5U tail)
w5
8% 0415 112 Us
8% 0
o 0.10 5'UB ~—~—~—~— UUUU 113nts
EE 1234
Z= 005 o
“ag ' m m L OH OH
SF o Al F‘T L 1-113+5U-OH (10U tail)
1=l - - : ‘ - : :
ox - ™ - > o> ™
&z <& & & & Uso
XQ X ,Lb\ X o)
&8 5'U6 ~—~—~—~— UUUUUUUUU {48nts
123456789
1-113-OH 1-112-P 1-112-OH OH OH
D 0.30
<
Z
e
5 80201
F ]
g c©
o ©
5 0.10
a2 ﬂ
©
£
20 L L 1 [ = :
O - o & o - - A% &
& & & & &g
© < & < & <& < &
Q’bo X 8 xQ xQ X
1-113-OH 1-112-OH 1-112-P 1-113+5U-OH

Figure 4. The Prp24 SNFFL box is required for recruitment of Lsm2-8""A to unmodified U6 RNAs. A, EMSA analysis of Lsm2-8-Prp24-U6 complex
formation using EMSA using Prp24 containing (lanes 3 and 4) or lacking (lanes 6 and 7) the SNFFL-box domain. The concentrations of Cy5-labeled U6 oligos
and Lsm2-8 were maintained at a constant 2 nM and 100 nM, respectively. B, average fractions of time U6 RNAs are simultaneously bound by two
Lsm2-8SNAP DY549 o mplexes. C, chemical structures of the U6 1-113-OH and 1-113 + 5U-OH RNAs, highlighting the RNA 3’ ends. D, relative numbers of
Lsm2-8SNAP BY549 1inding events per U6 RNA in the presence or absence of Prp24 and Prp242SNFL In B and D, bar heights represent the average from

three technical replicates (dots), and bars represent +SD.
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hypothesis, we constructed a cis-diol-terminated U6 RNA with
an extended 3’ end (1-113 + 5U-OH) in an attempt to
attenuate the hindrance by Prp24ASNFFL (Fig. 4C). In agree-
ment of our hypothesis, Lsm2-8 exhibited increased binding
to this longer RNA suggesting that the RNA 3’ end is now
accessible (Fig. 4D). Together, our findings indicate that not
only can the SNFFL box function to recruit Lsm2-8 com-
plexes to U6 but that it is also essential for permitting Lsm2—8
recruitment to unmodified RNAs bound by Prp24.

Discussion

For efficient pre-mRNA splicing, it is important that the U6
snRNA be rapidly recycled from spliceosomes into U6 snRNPs
and that the snRNA be protected from degradation (5). Pre-
vious work established a pathway by which yeast U6 snRNP
can be post-transcriptionally modified on its 3’ end and
assembled in vitro (12). In this work, we show that 3’-end
modification can alter the kinetic pathways of assembly. In
agreement with ensemble data, we observed a much higher
degree of binding of Lsm2-8 to single U6 RNAs that mimic
the processed form (U6 1-112-P). The origin of this effect
likely stems from the presence of the 3’ phosphate since a
shorter RNA containing a diol (U6 1-112-OH) did not stim-
ulate binding. Dwell time analysis indicates that the increase in
binding is primarily because of the RNA modification facili-
tating Lsm2-8 association (shorter Ty,poung times) rather than
just stabilization of the bound state. Prp24 can moderate the
impact of 3'-end modification and allow for efficient recruit-
ment of Lsm2-8 on both processed and unprocessed RNAs.
The increase in Lsm2-8 occupancy because of Prp24 can arise
from both facilitating association and slowing dissociation.
Interestingly, we observe that some U6 RNAs can recruit two
Lsm2-8 complexes simultaneously in the presence of Prp24
and that this is dependent on the Prp24 SNFFL-box domain.
This domain is also required for Prp24 to recruit Lsm2-8 to
unmodified RNAs since Prp24 molecules lacking the SNFFL
box can actually inhibit Lsm2-8 binding. We do not know if
Lsm2-8 complexes bound to SNFFL box but not yet associ-
ated with U6 can be directly transferred to the RNA 3’ end.

Together, our results indicate that post-transcriptional
modification of U6 facilitates snRNP assembly by opening an
alternate route of Lsm2-8 acquisition (Fig. 5). In the absence
of modification, Lsm2-8 binding would be highly dependent
on the presence of Prp24. For this pathway, we assume that
Prp24 binds U6 first and subsequently recruits Lsm2-8.
However, we did not simultaneously monitor Prp24 and
Lsm2-8 recruitment, and it is possible that a preformed
Prp24—Lsm2-8 complex may also be involved in snRNP as-
sembly. U6 snRNA modification opens a second pathway in
which efficient and stable Lsm2-8 binding occurs in the
absence of Prp24. Both Prp24-dependent and -independent
pathways may be functionally relevant for splicing in vivo. In
the case of de novo U6 snRNP assembly from an unprocessed
transcript, Prp24 dependence likely assures that the Lsm2-8
complex assembles specifically on U6 snRNAs rather than on
any transcript harboring a 3’ polyU sequence. Notably, such
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Figure 5. U6 RNA 3’-end modification permits an alternate assembly
route for the U6 snRNP. The unmodified U6 snRNA depends on interaction
with Prp24 for Lsm2-8 recruitment, whereas U6 modification (3’ phosphate
modification is denoted by the black star) permits Prp24-dependent and
-independent Lsm2-8 recruitment. snRNP, small nuclear ribonucleoprotein.

transcripts are abundant in the cell since all RNAPIII tran-
scripts terminate with polyU including tRNAs and 5S rRNAs.
In terms of recycling U6 snRNA from spliceosomes at the
conclusion of splicing, direct recruitment of Lsm2-8 to
modified U6 snRNA may facilitate rapid reassembly of the
snRNP while the spliceosome is being dismantled and before
Prp24 has the opportunity to bind. In addition to making
reassembly more efficient, this may also be important for
protecting U6 snRNA from nucleases by ensuring fast
sequestration of the RNA 3’ end (30, 32).

Our work also unexpectedly uncovered a novel function for
the Prp24 SNFFL-box domain in facilitating Lsm2-8 recruit-
ment to 3'-end unmodified U6 RNAs. In the absence of this
domain, Lsm2-8 complexes failed to bind stably to the U6
RNA unless a 3’ phosphate was present. We speculate that this
is due to sequestration of the U6 3’ end by P1fp24AS‘NFFL but do
neither yet have a structural explanation for this nor have we
located a potential binding site for diol-terminated 3’ ends on
the protein. Nonetheless, our observations are consistent with
in vivo phenotypes reported in S. cerevisiae for Prp24aASNFFL
mutants (22). Deletion of the C-terminal 10 amino acids of
Prp24 (including the SNFFL box; Prp24°1°) results in a cold-
sensitive growth phenotype, reduced levels of U4/U6 di-
snRNAs, reduced yeast two-hybrid interactions between
Prp24 and Lsm proteins, and changes in the kinetic parameters
(K, for U4 and/or U6 snRNAs) for U4/U6 di-snRNA forma-
tion in vitro using snRNAs isolated from yeast. Since Prp24
and Lsm proteins influence multiple steps in U6 and U4/U6
di-snRNP assembly (5, 12) and the relative abundances of 3'-
end-modified and -unmodified U6 snRNAs were not analyzed
in experiments involving Prp24A10, it is difficult to define the
precise origin(s) of the in vivo phenotypes. However,
our work indicates that inhibition of Lsm2-8 binding to
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3’-end-unmodified U6 snRNAs by Prp24A10 could contribute
to lower levels of U4/U6 di-snRNA formation because of some
U6 snRNAs lacking the Lsm2-8 as well as weakened two-
hybrid interactions between Prp24 and Lsm proteins if such
interactions were mediated in part by endogenous U6 snRNAs.

Finally, it is interesting to note that the related Lsm1-7
complex from S. pombe can tightly bind polyU tracts on RNAs
lacking modifications and in the absence of protein cofactors
(Patl) (16). Even though these complexes share six of seven
subunits, their functions are very different: Lsm1-7 association
marks mRNAs for degradation, but Lsm2-8 association is
needed for U6 snRNP assembly. While we have not carried out
a detailed kinetic analysis of Lsm1-7/RNA interactions, this
observation suggests that it may be equally important for the
cell to prevent Lsm2-8 (or Lsm1-7) complex assembly on the
wrong RNAs as it is to facilitate assembly on U6. Dependence
of the Lsm2-8 binding kinetics on both 3’-end modification
and the presence of Prp24 could provide two independent
layers of proofreading via kinetic selection to facilitate pref-
erential recruitment to the U6 snRNA.

Experimental procedures
Cloning and mutagenesis

The fSNAP variant of yeast Lsm2-8 was created by first
removing the Lsm8 sequence from the pQLink-Lsm2-8
plasmid (a gift from Yigong Shi; (33)) by restriction enzyme
digestion with Sacl and Nhel. A double-stranded DNA frag-
ment coding for a C-terminal fusion of the fSNAP tag to Lsm8
was synthesized (ThermoFisher, GeneArt Synthetic Gene) and
ligated into those same restriction sites. To ensure the accu-
racy of recombinant plasmids and deletion mutants, DNA
sequencing was performed for the whole plasmid.

Protein expression and purification

Prp24 was purified as described previously (12). Briefly,
proteins were expressed in E. coli BL21 (DE3) pLysS cells in LB
medium after induction by addition of IPTG to a final con-
centration of 1 mM for 20 h at 16°C. Proteins were then pu-
rified by nickel-nitrilotriacetic acid (Ni—-NTA) agarose
chromatography followed by removal of the His-tag with to-
bacco etch virus (TEV) protease and cation-exchange chro-
matography as described except that a HiTrap SP FF (GE
Healthcare) column was used.

Lhpl was also purified as previously described (12). Lhpl
protein was expressed in E. coli BL21 (DE3) pLysS cells in
LB medium after induction by addition of IPTG (1 mM) for
20 h at 16 °C. Lhpl was then purified by Ni-NTA agarose
chromatography followed by removal of the His-tag with
TEV protease and cation-exchange chromatography as
described except that a HiTrap S (GE Healthcare) column
was used.

Lsm2-8 and Lsm2-8™NAP were purified using a previously
described protocol for Lsm2-8 (12). Lsm proteins were
expressed in E. coli BL21 (DE3) pLysS cells in LB medium after
induction by addition of IPTG (1 mM) for 20 h at 37 °C. Lsm
protein complexes were then purified by Ni-NTA agarose and
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glutathione-S-transferase-affinity chromatography followed by
removal of the His-tag with TEV protease and anion-exchange
chromatography as described.

For all proteins, the final concentrations were determined by
using calculated extinction coefficients (ProtParam (34)) and
measuring the absorbance at 280 nm.

Fluorophore labeling of Lsm2-8™"A

SNAP-Surface 549 dye (59112S; New England BioLabs) in
dimethyl sulfoxide was added to a protein solution (500 nM;
500 pl) at a dye ratio 1.25 dye:1 Lsm2-8NAP complex in size-
exclusion chromatography buffer (25 mM Hepes—KOH [pH
7.9], 50 mM KCl, 1 mM Tris(2-carboxyethyl)phosphine hy-
drochloride [TCEP], and 10% v/v glycerol). The reaction tube
was then incubated in darkness at room temperature for 1 h.
Excess dye was removed by gel filtration chromatography us-
ing G-25 Sephadex (Sigma) equilibrated in size-exclusion
chromatography buffer. For the labeled proteins, the labeling
efficiency was determined by the concentrations of both dye
and protein in the final product measured by the absorbance at
280 and 550 nm.

RNA preparation

RNA oligos were purchased from Integrated DNA Tech-
nologies (IDT). Sequences and modifications are described in
Table S4.

Full-length U6 RNAs (112 or 113 nt in length) containing
a 3’ cis-diol were prepared as previously described by splinted
RNA ligation using T4 RNA ligase 2 (12). For CoSMoS as-
says, the 5’ piece of the U6 RNA encoding nt 1 to 12 also
contained a 5 biotin and internal Cy5 fluorophore. The RNA
molecules were then purified using PAGE with 8 M urea in a
20% (w/v) acrylamide: bis-acrylamide gel, followed by
extraction into buffer (1 mM EDTA, 10% v/v acid phenol,
300 mM sodium acetate, pH 5.0). RNAs were then isolated
by ethanol precipitation and dissolved in nuclease-free water
(Ambion). RNA products were then quantified by UV-visible
spectroscopy.

3’ Phosphate-modified U6 molecules for CoSMoS assays
were prepared using a double-splinted ligation reaction with
T4 RNA ligase 2 and 3 RNA fragments corresponding to U6 nt
1 to 12 (synthetic and containing a 5" biotin and internal Cy5,
purchased from IDT), nt 13 to 94 (in vitro transcribed), and nt
95 to 112 (synthetic, purchased from IDT), and two DNA
splints. In the ligation reaction, the three pieces were used at a
ratio of 1 (nt 1-12):2 (nt 13-94):2 (nt 95-112):1.5 (DNA
splints). Ligation products were gel purified, extracted, iso-
lated, and quantified as aforementioned.

Electrophoretic mobility shift assays

RNAs were first diluted into RNA dilution buffer (100 mM
KCl, 20% w/v sucrose, 20 mM Hepes [pH 7], 1 mM EDTA,
1 mM TCEP, 0.01% v/v Triton X-100, 0.2 mg/ml yeast tRNA,
and 0.2 mg/ml sodium heparin), and proteins were diluted into
protein dilution buffer (100 mM KCl, 20% w/v sucrose, 20 mM
Hepes [pH 7], 1 mM EDTA, 1 mM TCEP, 0.01% v/v Triton
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X-100, and 0.2 mg/ml bovine serum albumin [BSA]) as
described (12). Binding was initiated by mixing 5 pl of RNA
with 5 pl of protein, and samples were then incubated for
30 min at room temperature. Mixtures were then loaded onto
a prerun native 6% (w/v) PAGE gel in 1x Tris—borate—EDTA
and separated for 2 h at 4°C at 5 W. Fluorescence analysis was
performed with a Typhoon FLA 9000 scanner (Cytiva) with
excitation at 635 nm, and results were analyzed using Image]J
software (version 1.52v) (35).

Fluorescence polarization assays

Fluorescence polarization experiments were performed ac-
cording to previous methods (12). In summary, a 2x RNA
solution (2 nM, 100 ) in buffer (100 mM NaCl, 20 mM Bis—
Tris [pH 7.0], 10 mM HCI, 1 mM TCEP, 5% v/v glycerol, and
0.02 mg yeast tRNA) was combined with 100 pl of protein at
various concentrations (0.01-1000 nM) in buffer that also
contained 0.2 mg/ml BSA. The mixture was then added to
black, nontransparent, flat-bottomed 96-well microplates.
Fluorescence polarization data were then collected in triplicate
using a Tecan Infinite M1000Pro plate reader with an excita-
tion wavelength of 470 nm and an emission wavelength of
519 nm. The data were normalized to the values obtained with
0 nM protein (the smallest value) and to the highest value and
then averaged across three technical replicates. Binding curves
were fit using nonlinear regression in GraphPad Prism 4 with a
four-parameter logistic equation where FP.;, and FP..
represent the normalized minimum and maximum % bound,
Kp stands for the binding dissociation constant, and H rep-
resents the Hill coefficient (Equation 1).

(FPmax_FPmin)

% Bound = FPypi+ 1--10log Kp-log|Protein])xH

1)

Microscope slide preparation

Microscope slides (100490-396; VWR) and cover slips
(12-553-455; Fisher) were cleaned as described (14) using
2% v/v micro-90, 100% ethanol, and 1 M KOH with rinsing
in between each solution with MilliQ water. After the final
rinse, the slides were dried with high purity nitrogen (NI
UHP300; Airgas) and aminosilanized with VECTABOND
(NC9280699; Fisher Scientific). Slides were then passivated
by incubation overnight with a mixture of mPEG-SVA
(MPEG-SVA-5K; Laysan Bio) and mPEG-biotin-SVA (BIO-
PEG-SVA-5K; Laysan Bio) in a 1:100 w/w ratio in 100 mM
NaHCOj buffer.

Single-molecule microscopy

Single-molecule data were obtained using a custom-built
objective-type total internal fluorescence microscope system
(36). The microscope setup includes a 60 x 1.49 Numerical
Aperture PlanApo objective (Olympus) and 532 nm (Crys-
talLaser), 633 nm (Power Technology, Inc), and 785 nm (Po-
wer Technology, Inc) lasers for total internal reflection
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fluorescence excitation. Typically, fluorophores were imaged
with the 532 nm laser set at a power of 800 to 900 LW and the
633 nm laser set to 600 to 700 LW. The 785 nm laser was used
for autofocus and was set at 2.5 mW. The emission light was
split into <635 nm and >635 nm channels to produce two
images that were then imaged on separate sCMOS detectors
(Hamamatsu ORCA-Flash4.0 V3) with 2 x 2-pixel binning.
The microscope was controlled using Micro-Manager 2.03
(37).

Prior to data collection, streptavidin-labeled fluorescent
beads (T10711; Invitrogen) in PBS were introduced into a
channel on the passivated slide to serve as fiduciary markers
for alignment. The lane was then washed 0.2 mg/ml strepta-
vidin (SA10-10; Agilent; 50 L) for 2 min, followed by washing
with PBS to remove any unbound beads and streptavidin.
Biotin_Cy5_U6 snRNA was diluted to 10 pM in imaging buffer
(20 mM Hepes [pH 7.0], 100 mM KCl, 1 mM EDTA, 20% w/v
sucrose, 10 mg/ml BSA, 5 mM protocatechuic acid, 1 U/ml
protocatechuate dioxygenase, 1 mM trolox, and 2% v/v
dimethyl sulfoxide) and incubated in the lane for 1 min, fol-
lowed by another wash with imaging buffer. A 100 pl solution
containing varying concentrations of Prp24, Lsm2-8, and
Lhpl in imaging buffer was added, and alternating laser
excitation imaging was performed based on the following
excitation scheme: The 532 and 633 nm lasers were alterna-
tively turned on (1 s/fr) to capture images with an ~0.5 s lag
between each image for ~1800 s.

Microscopy data analysis

The single-molecule data were analyzed using custom
MATLAB software (smtoolbox, available at https://github.
com/David-Scott-White/cosmos-toolbox). The analysis pro-
cedure involved several steps: (1) a mapping file that correlated
the positions in the <635 nm channel to the >635 nm channel
was created utilizing the fluorescence beads as fiducial
markers, (2) lateral drift was corrected by computing a non-
reflective similarity transformation between temporally sepa-
rated images, (3) potential areas of interest (AOIs) containing
single RNA molecules were identified in the >635 nm channel
by averaging the first five frames and applying a generalized
likelihood ratio test to the resulting image. These detected
AOIs were then fit to a two-dimensional Gaussian within a 5 x
5 pixel area, (4) the accepted AOIs were subsequently mapped
to the <635 nm channel using the mapping transformations,
and (5) the fluorescence trajectories in the <635 nm channel
(Lsm2-8 proteins) for each AOI were processed using the
divisive segmentation and clustering algorithm (DISC, (38)) to
interpret each trajectory as a binary signal indicating bound or
unbound states over time.

The durations of bound and unbound events (dwells) were
treated as single or double exponential distributions, and the
underlying parameters of each distribution were estimated
using maximum likelihood methods (39, 40). A comparison
was made between models described by single exponential
terms, the sum of multiple exponential terms, or gamma
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distributions. The log-likelihood ratio test was employed for
model selection. For exponential distributions, the likelihood
of observing a dwell time of a specific duration is expressed as
(Equation 2):

K
P(x) =" Agtie ™ (2)
k=1

where the variable k denotes the number of exponentials being
estimated, A represents the amplitude associated with a
particular exponential term, and 7 signifies the estimated time
constant corresponding to that term.

To control photobleaching, a biotinylated SNAP protein
was derivatized with SNAP-Surface 549, immobilized on a
slide, and its fluorescence lifetime measured under identical
conditions as previously described (14).

Kinetic analysis using QuB

To analyze the binding kinetics of Lsm2-8 to U6 RNA, we
performed Hidden Markov Model fitting in QuB using single-
molecule trajectories collected at 1, 3, and 10 nM Lsm2-8
concentrations (29). Transition rates were optimized using
Maximum Idealized Point likelihood rate estimation, which
globally optimizes state transition probabilities across all
observed molecules (41). A range of user-defined models with
different numbers of states (two to four) and transition path-
ways were tested to identify the best kinetic description of
Lsm2-8 binding. Model selection was based on the Bayesian
Information Criterion (42):

BIC = k log(N)~2 log(L(0))

where k is the number of free parameters, N is the number of
frames analyzed, and L(0) is the log likelihood of the dataset
given the model. After evaluating multiple models, we found
that a model with six free parameters provided the best fit, as
indicated by the lowest Bayesian Information Criterion value.
The final kinetic scheme, presented in Fig. S4, represents the
key states and transition pathways identified from the
optimal model.

Data availability

Raw microscopy data and gel images have been uploaded to
Zenodo (DOI: 10.5281/zenodo.14790398).

Supporting information—This article contains supporting informa-
tion, including supporting figures illustrating protein and RNA
purification results, spot accumulation curves, photobleaching
controls, and kinetic models. It also includes data tables showing
fitted binding affinity parameters, bound and unbound time
distributions, and oligonucleotide sequences. These materials can
be accessed online alongside the full text of the article.
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