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ABSTRACT: Biomolecular condensates can influence cellular function in a number of ways, including by changing the structural
dynamics and conformational equilibria of the molecules partitioned within them. Here we use methyl transverse relaxation
optimized spectroscopy (methyl-TROSY) NMR in conjunction with 2’-O-methyl labeling of RNA to characterize the
thermodynamics and kinetics of RNA—RNA base pairing in condensates formed by the C-terminal intrinsically disordered region
of CAPRIN1, an RNA-binding protein involved in RNA transport, translation, and stability. CAPRIN1 condensates destabilize
RNA—RNA base pairing, resulting from a ~270-fold decrease and a concomitant ~15-fold increase in the on- and off-rates for
duplex formation, respectively. The ~30-fold slower diffusion of RNA single strands within the condensed phase partially accounts
for the reduced on-rate, but the further ~9-fold reduction likely reflects shedding of CAPRIN1 chains that are interacting with the
RNA prior to hybridization. Our study emphasizes the important role of protein solvation in modulating nucleic acid recognition

processes inside condensates.

B iomolecular phase separation, a process by which proteins,
nucleic acids, and metabolites are concentrated to form
condensates in the absence of an enclosing lipid membrane,
plays an important role in modulating cellular function.'
Ribonucleoprotein (RNP) granules are biomolecular con-
densates composed of RNAs and proteins that are involved in
key aspects of RNA metabolism such as its processing,
translation, stability, and transport.2 Mutations in proteins and
RNA molecules comprising RNP granules that alter their
propensity to form condensates play a role in a variety of
neurodegenerative and neurodevelopmental diseases.”* Char-
acterizing the structure and dynamics of RNA and protein
molecules in these condensates is key to understanding RNP
granule function and the structural transitions underlying the
formation of aberrant condensates in disease. It has been
shown that condensates can alter the secondary”’ and tertiary
structures® and the unfolding energetics of RNA molecules,”’
as well as the catalytic activities of RNA enzymes.” Never-
theless, the kinetics of RNA folding transitions and the unique
role that solvation by proteinaceous components within
condensates plays in controlling RNA recognition processes
have not been quantified.

Solution NMR spectroscopy is well suited for atomic
resolution studies of RNA molecules in liquid-like condensates
as long as experiments are designed to minimize signal losses
due to spin relaxation and to mitigate the large dynamic range
issues associated with studies of RNA molecules at low
concentrations (~1 mM; “client”) in highly concentrated
protein environments (~20—30 mM; “scaffold”).” Motivated
by successes in the protein NMR field with using methyl
groups as reporters of structure and dynamics in high
molecular weight protein complexes,lo we sought to use
these probes in the present study focusing on RNA. As most
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RNA molecules do not contain methyl groups, we chose to add
a 2’-O-methyl group probe, a naturally occurring post-
transcriptional modification.'’ Our choice was motivated by
studies showing that single 2’-O-methyl groups minimally
perturb the thermodynamics of RNA base pairing'” (stabiliza-
tion by <0.3 kcal/mol) and the fact that the resonance
positions of such groups (~3.5 ppm and ~60 ppm in 'H and
BC, respectively) are isolated from peaks derived from the
protein scaffold.

Here we have used condensates formed from the last 103
residues of the C-terminal intrinsically disordered region of
CAPRINI (henceforth referred to as CAPRINI), an RNA
binding protein found in P-bodies, and stress and transport
granules,13’14 which are integral for RNA processing, transla-
tional regulation, and transport.2 An RNA duplex has been
chosen as a client, as duplexes are ubiquitous and functional
elements of RNA structure. A single guanosine residue in the
middle of the helix was modified with a 2’-O-methyl group
with *C labeling, as a probe of RNA structural dynamics in the
condensed phase (Figure 1A). The 2’-O-methyl 'H and *C
chemical shifts are sensitive to RNA hybridization due to
changes in sugar puckering upon base pairing."

Condensed-phase NMR samples containing CAPRIN1 and
RNA were prepared as described in Supporting Information
(Figure S1), with equimolar amounts of the two comple-
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Figure 1. (A) Secondary structure of the RNA duplex used in this
study, with a 2'-O-methyl modification at the indicated guanosine.
The methyl group is "*C labeled. (B) 3 mm tube containing the
phase-separated sample used for NMR measurements. (C) Overlay of
[BC,'H] ddHMQC spectra of the RNA methyl region of the
condensed phase (green) and buffer (gray; plotted at a low level so
that the ssRNA peak is visible) samples, 57.5 °C, 800 MHz, recorded
under identical conditions, along with schematic representations of
the RNA in dsRNA and ssRNA states. * denotes a minor peak arising
from weak interactions between the single strand and duplex (Figure
S3). (D) Variation of the ssRNA fraction in the condensed phase with
temperature (green). The gray region denotes the maximum fraction
of ssSRNA in buffer (65 °C) with a total RNA concentration as in the
condensed phase (Supporting Information). (Inset) Overlay of
[BC,'H] ddHMQC spectra of the RNA methyl region of the
condensed phase sample at S5 and 62.5 °C. (E) Normalized
intensities (points) of methyl signals in pulsed field gradient diffusion
experiments, for ssRNA in buffer (gray) and condensed phase (green)
and for CAPRIN1 in the condensed phase (blue), 57.5 °C. § and A
are total time for bipolar defocusing/refocusing gradient pairs and the
diffusion time used in the measurements, respectively (Supporting
Information). Solid lines are fits to extract diffusion coefficients.
(Inset) Zoomed-in view of the data for the ssRNA in buffer. All
measurements were performed in 10 mM sodium phosphate, 200 mM
NaCl, pH 7.0, 10% D,0O; the RNA concentration was 100 uM (950
uM) for each strand for measurements in buffer (condensate), with
the exception of the ssRNA buffer sample in E (gray), where 25 uM
RNA concentration was used.

mentary RNA strands of the helix added, both shown to
partition into the condensate similarly (Supporting Informa-
tion and Figure S2). As the condensed phase in the 3 mm
NMR sample tube covers the radio frequency coil (Figure 1B),
only the condensed phase signals are measured in the NMR
experiments. Delayed decoupling heteronuclear multiple
quantum coherence (ddHMQC) ex})eriments, which take
advantage of a methyl TROSY effect, ¢ were recorded, using
pulsed field gradients for coherence transfer selection to
eliminate noise from natural abundance CAPRIN1 signals.”
Spectra of the RNA in buffer (Figure 1C, gray: 100 uM of each
RNA strand, 200 mM NaCl) show peaks for both the duplex
(dsRNA) and single-stranded (ssRNA) forms of the RNA,
with dsRNA the predominant species at 57.5 °C. In contrast,
the ssRNA is dominant in the condensed phase (Figure 1C,
green: ~1 mM of each RNA strand, 200 mM NaCl) at the
same temperature, indicating destabilization of the duplex

RNA, as has also been described previously for nucleic acids in
other condensates.”” In addition, there is a minor peak (*)
arising from interaction of the single-stranded species with the
duplex (Figure S3), which has not been considered in
subsequent analyses, as it is only ~2% of the major ssRNA
peak. Destabilization of dsRNA is also evident in temperature-
dependent measurements in which the RNA is completely
single stranded in the condensed phase at 65 °C, while only a
minor fraction is melted in buffer at this temperature and
concentration (<5%) (Figure 1D, Supporting Information).

We used pulse field gradient based NMR measurements
(Supporting Information) to quantify the translational
diffusion rates of ssRNA and CAPRINI in the CAPRINI1
condensate (Figure 1E). As expected, based on its smaller size
(3 kDa vs 11 kDa), the ssRNA diffuses faster (D = (14.3 +
0.4) X 107® cm?/s) than CAPRIN1 (D = (7.1 + 0.3) x 1078
cm?/s) by 2-fold in the condensate, but ~30-fold slower than
in buffer (D = (40.7 + 1.0) X 1077 cm?/s). Notably, the signal
from the dsRNA could not be observed in the measurements
in the condensed phase, due to rapid signal loss during the
relatively insensitive diffusion experiment.

To explore the kinetic origins of the destabilization of
dsRNA in the CAPRIN1 condensed phase relative to buffer,
we recorded magnetization exchange experiments as a function
of exchange time (T), to quantify the on- (k,,) and off- (k)
rates of duplex formation,'” and interpreted the resulting time-
dependent signal intensities in terms of a two-state exchange
model'® (Figure 2A). Magnetization exchange experiments are
typically performed by recording intensities of cross- and
diagonal-peaks in experiments where the exchange block (T) is
placed after the heteronuclear (in this case carbon) chemical
shift evolution period (Figure S4 and Supporting Informa-
tion)."” However, the 2'-O-methyl '3C chemical shifts of
ssRNA and dsRNA are not sufficiently resolved to allow for
accurate quantitation of the resulting cross-peaks (Figure S4).
This situation is exacerbated by the fact that the exchange rates
are close to an order of magnitude smaller than the intrinsic
decay of the dsRNA signal, attenuating the buildup of cross-
peak intensities (Supporting Information, Table S1). Here we
use an alternative approach whereby the T-evolution of the
diagonal-peaks, recorded in pairs of experiments where the
exchange block is placed either before or after the '*C
evolution period (Supporting Information, Figures SS and S6),
is analyzed. The robustness of the approach has been validated
(Figure S7), and cross-relaxation of the 2’-O-methyl group
with adjacent protons is shown to have little effect on the
extracted rates (Supporting Information and Figure S8).

The diagonal peaks from the exchange data recorded in this
manner could be fit to extract k,, and kg rates for duplex
hybridization of 810 + 120 M™" s™' and 2.9 + 0.4 s™" at 57.5
°C, respectively (Supporting Information, Figures 2B and C)
in the condensed phase, with corresponding rates for RNA in
buffer with the same bulk NaCl concentration (200 mM) of
k=22 +05) x 10°M "' s"'and kg = 02 + 0.1 s7!
(Figures 2B and C, Tables S1 and S2). Thus, the high
concentration of CAPRIN1 in the condensed phase leads to a
decrease in k,, by ~270-fold and an increase in kg by ~15-fold
relative to buffer (Figure 2C). The decrease in diffusion rate
for ssRNA in the condensed phase (Figure 1E) can only
account for ~30-fold of the ~270-fold relative decrease in k,,,
with the remaining ~9-fold attenuation likely resulting from
the requirement for removal of CAPRIN1 molecules associated
with each single strand prior to hybridization. Similarly, the 15-
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Figure 2. (A) Schematic representation of the dsSRNA—ssRNA equilibrium. The 2’-O-methyl group probe is denoted by an orange circle. (B)
Intensities of diagonal peaks as a function of mixing time, T, for dsRNA (top, left) and ssRNA (top, right) in the condensed phase and for dsSRNA
in buffer (bottom, left) as measured via magnetization exchange experiments where the exchange block is placed either before (black) or after (red)
carbon chemical shift evolution (Figure SS, Supporting Information). Error bars were obtained from duplicate experiments; the solid line is a fit to
the data to extract kinetic parameters for duplex hybridization. Shown in insets are ddHMQC spectra with intensities from boxed peaks plotted in
the main panel, with 1D slices along the 'H dimension (top right of main panel). Also shown in insets are zoomed-in regions of the data (bottom
left of main panel). Only data from dsRNA are plotted for buffer, as the ssRNA peak is weak and intensities are unreliable (Supporting
Information). Measurements were performed at 57.5 °C, 800 MHz. (C) Bar plots comparing on- and off-rates for duplex hybridization of RNA in
buffer (gray) and in CAPRINI condensed phase (green). (D) Schematic depicting destabilization of dsRNA in CAPRIN1 condensed phase via an
increase (decrease) in kg (k). Errors for the fitted exchange rates (B and C) were obtained using a Monte Carlo procedure (Supporting
Information). The RNA concentration was 100 uM (950 M) for each strand for measurements in buffer (condensate).
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