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Abstract

Dynamic RNA-protein interactions underpin numerous molecular control mechanisms in biology.
However, relatively little is known about the kinetic landscape of protein interactions with full-
length RNAs. The extent to which interaction kinetics vary for the same RNA element across the
transcriptome, and the molecular determinants of variability, therefore remain poorly defined.
Moreover, how one protein-RNA interaction might be transduced by RNA to kinetically impact a
second is unclear. We report a parallelized, real-time single-molecule fluorescence assay for
protein interaction kinetics on eukaryotic messenger RNA populations obtained from cells. We
observed ~100-fold heterogeneity for interactions of the translation factor elF4E with the universal
MRNA 5’ cap structure, dominated by steric effects on barrier-height variability for association.
We also found that an RNA helicase, elF4A, independently accelerated elF4E-cap association.
These data support a kinetic mechanism for how mRNA can determine the sensitivity of its
translation to reduction in cellular elFAE concentrations. They also support the view that global
RNA structure significantly modulates protein-RNA interaction dynamics, and can facilitate real-
time communication between protein interactions at distinct sites.

Graphical Abstract

"Corresponding Author sean.oleary@ucr.edu.
Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

ASSOCIATED CONTENT

Supporting Information. Methods and Supplementary Figures for RNA and protein purification, RNA immobilization and imaging
of protein binding, data analysis and validation. The Supporting Information is available free of charge on the ACS Publications
website. The PDF document contains experimental procedures, purification data, and validation results for the data analysis.

The authors declare no competing financial interests.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cetinetal.

Page 2

Total RNA /2% S——
M/GPPP~——~——AAAAAAAAAAAA g | ﬁw%ﬁww
m'Gppp AAAAAAAAAAAA 8
mGPPD ~AARAAAAA 8 40 l
* u_=. N A st
§ Imﬁs % 40 80 120160200
© 119 Population| 120  Time(s)
é) S ool RNA 2
§ ) RNA-binding 8 '|
! # {proteins ® 40 | |
2 3t = ° . ; {
¢ ' 2 bkt LI
= i “
: ZMW Array 0 4q, 80,20 160

RNA-protein interactions are fundamentally important at all stages of regulated gene
expression. They are highly dynamic, and separate interactions frequently coordinate on a
single RNA molecule to transduce a biological response.! One example is the interplay
between mRNA 5’-cap structure recognition and mRNA helicase activity, which
differentiates the efficiency of protein synthesis between mRNAs.2

Understanding the chemical-kinetic principles of RNA-protein interaction is therefore
important in defining molecular mechanisms of the corresponding biological processes. It is
critical when interactions occur in a non-equilibrium regime, where binding reactions or
their biological consequences are kinetically controlled.3 However, kinetic information on
protein interactions with full-length native RNAs is scarce. Moreover, relatively little is
known about how protein-binding kinetics for an individual RNA element might differ
between RNAS transcriptome-wide.

Cutting-edge technologies have probed RNA-protein interactions at transcriptome scale,
with /n vivo crosslinking-based snapshots, or through directly imaging protein interactions
in vitroon libraries of ~107 RNA sequences up to ~300 nucleotides long.*~" These
approaches observed equilibrium binding and protein dissociation, revealing substantial
diversity across local RNA sequences and secondary structures.*:> However, transcriptome-
wide data on both association and dissociation kinetics for full-length transcripts obtained
from cells are not yet available. Thus, the contributions of global RNA structure and
sequence landscapes to RNA-protein dynamics remain unclear. Additionally, existing studies
have not yet fully addressed how formation of one RNA-protein interaction impacts the
dynamics of contemporaneous interactions on the same RNA.

We developed a single-molecule fluorescence approach to observe real-time protein
association and dissociation across an mRNA population obtained from eukaryotic cells
(Figure 1a—c). We employed a customized Pacific Biosciences RS I DNA sequencer,8
which utilizes zero-mode waveguide (ZMW) technology to observe up to 150,000 single-
molecule reactions simultaneously. Applied previously to define single-molecule dynamics
on many copies of the same transcript,2-19 here we observed dynamics on mMRNA
populations from Saccharomyces cerevisiae.
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We surface-immobilized S. cerevisiae mMRNAs by subjecting a total RNA preparation
(Supplementary Figure 1a) to an annealing reaction with a fluorescent oligonucleotide,
biotin-5"-(dT)45-3’-Cy3 (Figure 1a). This oligonucleotide hybridizes to mRNA 3’-poly(A)
tails, allowing specific mMRNA fluorescent labeling and biotinylation in the presence of
excess ribosomal RNA and tRNA (Figure 1a; Supplementary Figure 1b). We optimized
conditions to immobilize a ~104-mRNA population across the ZMW array via biotin-avidin
interactions (Figure 1b).

Yeast mRNA transcript abundance varies orders of magnitude across different genes.11:12 To
determine the extent to which our ZMW-immobilized population represented the yeast
transcriptome, we compared the length distributions of the bulk input and immobilized
mRNAs, by a RT-PCR analysis developed for single-cell RNA-seq.13 The cDNA length
distributions spanned a similar range, with enrichment in shorter mMRNAs in ZMWs (Figure
1d). Single-gene PCR analyses of the ZMW-derived cDNA library confirmed the presence
of transcripts with ~8-fold copy-number variation /7 vivo (Supplementary Figure 1c).1 Our
immobilized population thus captures a significant subset of the transcriptome.

To observe mRNA-interaction dynamics of a protein with a common binding mode across
all mRNAs, we chose elF4E, which specifically binds the mMRNA 5" m’G(5")ppp(5’)N cap
structure (N is the +1 nucleotide) (Supplementary Figure 2a). We derivatized# S. cerevisiae
elF4E with a fluorophore, Cy5, allowing observation of single-molecule mRNA cap-binding
events. This signal requires both the mRNA cap and poly(A) tail, ensuring it reports on
protein interactions with intact mRNAs (Figure 2a).

We delivered Cy5-elF4E to the immobilized mMRNA population. As observed for short,
capped RNA oligonucleotides4, for thousands of mMRNAs we observed single-molecule
Forster Resonance Energy Transfer (SmMFRET) between 5’ cap-bound Cy5-elF4E, and Cy3-
(dT)45 hybridized to the 3’ poly(A) tail (Figure 2b). Experiments where the Cy5 fluorophore
attached to elF4E was directly excited confirmed that this FRET signal reports on the true
association and dissociation rates for the elF4EsmRNA complex (Supplementary Figure 3a—
c; Supplementary Discussion D1). That we observed efficient FRET indicates 5’ and 3’ ends
are within ~5 nm for many mRNAs, even in the absence of proteins paradigmatically
thought to drive mRNA end-to-end proximity, i.e. elF4G, a subunit of the cap-binding
complex, and poly(A)-binding protein.1® This is consistent with results indicating the ends
of MRNA-sized RNAs are intrinsically close in space.16-19

elF4E-mRNA interaction was characterized by rapidly reversible binding and dissociation
(Figure 2b—d). Single-molecule fluorescence trajectories for each mRNA are therefore
characterized by the arrival times between FRET events, and their durations. Arrival times
typically showed a double-exponential distribution, with a fast arrival rate contributing
>80% of the total amplitude in the cumulative distribution function (Figure 2c,
Supplementary Figure 3d). This is consistent with a stochastic, Poisson-type sampling
process for elFAE-mRNA binding. The double-exponential nature of the distribution
appears to be predominantly a consequence of measuring protein-RNA association kinetics
in ZMWs, rather than of differential binding to slowly-interconverting mRNA conformations
(Supplementary Figure 3d,e; Supplementary Discussion D2). Event-duration distributions
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were more complex but were typically dominated by an exponential distribution (Figure 2d).

These results support a two-state equilibrium-binding model for yeast and human elF4E.
14,20

We analyzed elF4E interaction with 438 mRNAs chosen arbitrarily from the population. We
constructed a distribution of the number of times each mRNA bound elF4E during a 10-
minute observation (Figure 2e), as censored by FRET-donor photobleaching. The 5™ and
95t percentiles of this distribution lay at 1 and 104 events, respectively, representing a
~100-fold variability in elF4E binding. The median mRNA bound elF4E 23 times, which
scaled with elF4E concentration (Supplementary Figure 4a). In contrast, distributions
generated for similar populations of the JJJZ and NCE102transcripts showed variabilities of
only ~26- and ~18-fold (Supplementary Figure 4b). Thus, we propose that the ~100-fold
variability reflects authentic kinetic diversity driven by mRNA identity.

We extracted mean elF4E-mRNA binding rates for each mMRNA in the population, by fitting
the arrival-time distributions for each mRNA to an exponential model (Supplementary
Figure 5a). We excluded molecules with fewer than 10 observed binding events to ensure
robust fitting.

elFAE-mRNA association rate constants were distributed between 0.32 pM~1 s71 and 119
M1 571 with a median of 5.0 uM~1 571, The 5t and 95t percentiles of the distribution lay
at 1.04 uM~1 s1 and 20.8 pM~1 571, a ~20-fold variability (Figure 3a). The fastest rate
constants approached those for elF4E binding to an unstructured, capped RNA
oligonucleotide.14 Similar values were obtained in analyses that excluded trajectories with
increasing goodness-of-fit stringency (Supplementary Figure 5b). The 20-fold association-
rate range thus likely sets a lower limit on the true diversity transcriptome-wide.

We also examined the distribution of binding-event durations for each mRNA in the
population. To avoid overfitting we chose the arithmetic mean as the metric for elF4E-
mRNA binding duration. The event-duration distribution was almost an order of magnitude
narrower than for arrival rates (51, 501, and 95t percentiles at 0.75 s, 1.1 s, and 1.8 s,
respectively — a 2.4-fold variation (Figure 3d)). This echoes measurements of protein
dissociation from ~107 different short RNA sequences, where the same confidence intervals
ranged over 12.2-fold across a large sequence space.*>

Previous results for structured oligoribonucleotides revealed a complex relationship between
cap-proximal RNA structure and elF4E equilibrium affinity.21 We asked whether a similarly
complex relationship exists for elFAE association rates on full-length yeast mRNAs. We
correlated elF4E association rates with mMRNA PARS scores?2, an experimental measure of
secondary structural propensity. For four transcripts (A7P4, GIC1, SSA1, and NCE102)
chosen to span the range of “structuredness” in their cap-proximal nucleotides, we found
elF4E-mRNA association rates (Supplementary Figure 6) showed an unambiguous
anticorrelation with structural propensity (Figure 3e; Supplementary Figure 7a). This
correlation persisted for at least the first 40 nucleotides, but not for the entire transcript
(Supplementary Discussion D3). In contrast, computationally-predicted?3 folding free
energy changes for isolated cap-proximal RNA sequences were not strongly correlated with

JAm Chem Soc. Author manuscript; available in PMC 2021 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cetinetal.

Page 5

elF4E-mRNA association rates (Figure 3f, Supplementary Figure 7b). elFAE dissociation
rates were again narrowly distributed (~0.5 — 0.8 s™1; Supplementary Figure 6c).

These results support a model where extent of mMRNA structure Kinetically controls elF4E
association rate. Steric block of the elF4E-cap interaction by the mRNA body is expected to
vary between mRNAs. Barriers to dissociation are expected to be less variable, reflecting
similar structural environments for mMRNA 5’ ends in the elF4EsmRNA complex. Since the
free energy change for elFAE binding to cap structure analogs lacking an RNA body is
dominated by interactions with the methylated guanine base and the triphosphate bridge24,
differences in affinity imply barrier-height variation between distinct mMRNA-protein
encounters marked by early transition states.

mRNAs with evidently low secondary structure may still form compacted arrangements of
the RNA chain.2> We therefore asked whether these higher-order structures could modulate
elF4E-cap association, by determining the response of elF4E-mRNA dynamics to inclusion
of the helicase elF4A. In the presence of ATP, S. cerevisiae elF4A binds double-stranded
and single-stranded RNA with equilibrium dissociation constants of ~20 nM and ~1.5 uM,
respectively, but does not appreciably unwind duplexes in the absence of protein cofactors.28
In our experiments, elF4A thus simply acts as a dual double-stranded and single-stranded
RNA binding protein (Figure 3c).

Addition of 2 uM elF4A with 2.5 mM ATP significantly altered the association-rate
distribution for the mRNA population (p= 7.6 x 10710, Wilcoxon’s test) (Figure 3b). The
peak in the arrival-rate distribution shifted to ~8 pM~1 s71, from ~5 uM~1 s~1 without
elF4A. Meanwhile, the event-duration distribution remained unchanged (Figure 3d).
Because cap-proximal elF4A binding might reasonably impact elF4E dissociation, these
results are consistent with elF4AA-mRNA binding remote from the elF4E binding site
perturbing mMRNA global structure, and in turn altering the barrier to elF4E-mRNA
association.

In summary, these data reveal order-of-magnitude heterogeneity for the kinetics of protein
interaction with the same RNA element across the transcriptome, defined largely by variable
association rates, at least for the elF4E-cap interaction.

Modulation of cellular active elFAE concentration is a major control mechanism for protein
synthesis.2” However, not all mRNAs are equally sensitive to changing elF4E levels;
mMRNAs with structured 5’ ends are particularly sensitive. Order-of-magnitude heterogeneity
in elF4E-cap association rates suggests a kinetic mechanism for this differential sensitivity:
mRNAs with intrinsically fast association are likely to sustain elF4E-cap binding sufficient
to allow continued translation initiation even at low elF4E availability. Furthermore, recent
work has implicated free elF4A activity throughout the length of the mRNA as accelerating
ribosome-mRNA recruitment.28 Our results suggest that this effect may be exerted even at
the very initial steps of mRNA selection for translation. Overall, our results highlight how
kinetic heterogeneity, determined by the sequence and structural information encoded
throughout RNA transcripts, may contribute significantly to dynamic control of gene
expression.
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Figurel.

Experimental approach to analyze single-molecule protein-RNA interaction dynamics on
transcriptome-derived mRNA populations. (a) MRNA is selected from total RNA by
hybridization of a biotinylated, fluorescent oligonucleotide, biotin-5’-(dT)5-3’-Cy3, to the
poly(A) tail. (b) Single MRNA molecules are specifically immobilized across an array of
zero-mode waveguides (ZMWSs), to image binding of fluorescently-labeled proteins. (c)
Idealized single-molecule fluorescence trajectory for cycles of RNA-protein binding and
release. (d) Comparison of mMRNA size distributions in the bulk input (top) and surface-
immobilized (bottom) mMRNA populations, assessed by reverse transcription followed by

PCR analysis.
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Heterogeneity of RNA-protein binding dynamics on a transcriptome-derived mRNA
population. (a) Schematic of experimental approach showing sSmFRET signal between
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contrasting mRNAs with few (top) and many (bottom) elF4E-binding events. (c) Empirical
cumulative probability distribution of elF4E-mRNA arrival times from molecules showing
17, 27, and 55 events. (d) Empirical cumulative probability distribution of elFAE-mRNA
event durations on the same mRNAs as in panel (d). (e) Distribution of numbers of elF4E-
MRNA binding events observed across 438 mRNA molecules over a 10-minute observation.
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Figure 3.
Distributions of protein-RNA binding kinetics. (a) On-rate distribution for elFAE binding to

322 arbitrarily-chosen mMRNAs from the surface-immobilized population. (b) elF4AE-mRNA
on-rate distribution in the presence of elF4A. (c) Schematic with relative mRNA-binding
sites of elF4E and elF4A. (d) Distribution of elFAE-mRNA event durations in the absence
(blue) and presence (green) of elF4A. (e) Correlation of elFAE-mRNA association rate with
the extent of cap-proximal 20 nucleotides, as measured by PARS score. (f) Correlation of
elF4E-mRNA association rate with computed folding free energy change at 30°C for the
cap-proximal 20 nucleotides.
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