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Abstract

To maintain genome integrity, segmented double-stranded RNA viruses of the Reoviridae
family must accurately select and package a complete set of up to a dozen distinct genomic
RNAs. It is thought that the high fidelity segmented genome assembly involves multiple
sequence-specific RNA-RNA interactions between single-stranded RNA segment
precursors. These are mediated by virus-encoded non-structural proteins with RNA
chaperone-like activities, such as rotavirus NSP2 and avian reovirus oNS. Here, we
compared the abilities of NSP2 and oNS to mediate sequence-specific interactions
between rotavirus genomic segment precursors. Despite their similar activities, NSP2
successfully promotes inter-segment association, while oNS fails to do so. To understand
the mechanisms underlying such selectivity in promoting inter-molecular duplex formation,
we compared RNA-binding and helix-unwinding activities of both proteins. We
demonstrate that octameric NSP2 binds structured RNAs with high affinity, resulting in
efficient intramolecular RNA helix disruption. Hexameric 6NS oligomerises into an octamer
that binds two RNAs, yet it exhibits only limited RNA-unwinding activity compared to
NSP2. Thus, the formation of intersegment RNA-RNA interactions is governed by both
helix-unwinding capacity of the chaperones and stability of RNA structure. We propose that
this protein-mediated RNA selection mechanism may underpin the high fidelity assembly
of multi-segmented RNA genomes in Reoviridae.
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Introduction

Members of the Reoviridae family of double-stranded (ds)RNA viruses encompass
important human, animal and plant pathogens (1). Reovirus genomes are distributed
between g — 12 RNA segments, all of which are essential for virus assembly and replication
(2). Multiple sequence-specific RNA-RNA interactions between ssRNA segment precursors
are believed to underpin the assembly of a complete multi-segmented viral genome (3-7).
The underlying molecular mechanisms of high fidelity RNA selection and accurate genome
assembly remain poorly understood (1, 3). Segment selection, genome replication and virus
assembly occur in cytoplasmic membraneless organelles, termed viral factories or
viroplasms (8-11). Non-structural proteins rotavirus (RV) NSP2, or mammalian and avian
reovirus (ARV) oNS are major components of viroplasms and viral factories, and are
essential for genome replication and virus assembly (8, 12—16).

Recently, we have demonstrated that NSP2 can promote selective RNA duplex
formation between genomic ssRNAs, acting as an RNA chaperone (17). We have shown
previously that ARV oNS exhibits similar non-specific ssRNA binding, helix-destabilizing
and strand-annealing activities to NSP2, suggesting that both proteins may play similar
roles during genome assembly (18). Despite these apparent similarities, it remains unclear
whether these proteins employ similar mechanisms of facilitating specific inter-segment
interactions.

Here, using a previously established interaction between RV segments S5 and S11
ssRNAs as a model system, we compared the abilities of NSP2 and oNS to promote inter-
segment RNA duplex formation. This allowed us to decouple the RNA chaperone activities
of both proteins from their multiple, overlapping roles during virus replication, such as
viroplasm assembly, kinase activity of NSP2 and interactions with other viral and cellular
proteins (8, 12-16). While NSP2 is efficient at mediating stable S5 : Si1 RNA-RNA
interactions, NS completely fails to do so. While both proteins simultaneously bind
multiple unstructured ssRNAs with similar affinities, NSP2 has a greater propensity for
binding and unfolding structured RNA hairpins. RNA stem-loop unwinding experiments
monitored by single-pair FRET indicates that NSP2 disrupts RNA secondary structure more
efficiently, whereas 6NS binding induces an ensemble of partially unfolded intermediates.
Upon binding multiple RNAs, hexameric NS undergoes further oligomerisation, forming
stable octameric ribonucleoprotein (RNP) complexes with increased helix-destabilizing
activity. Such differences in modes of RNA binding and helix-unwinding between these
proteins may explain the failure of oGNS to promote a stable inter-segment Sg : S11 RNA-
RNA interaction. These results suggest that RNA structural stability can modulate viral RNA
chaperone activity, thereby restricting non-cognate RNA duplex formation during segment
selection and genome assembly.
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Materials and Methods

Protein expression and purification

NSP2 and NS were expressed and purified as previously described in (18). Size exclusion
chromatography (SEC) analysis was performed using Superdex S200 10/300 column (GE
healthcare) equilibrated in SEC buffer (5omM HEPES pH 8.0, 150 mM NaCl) at 4°C.

RNA production

RV segments S5 and S11 were produced and labelled as previously described in Borodavka
et al, 2016 (19). AlexaFluor488 dye-labelled 20mer and unlabelled 215mer, 20mer and 4omer
RNAs (Supporting Table S1) were purchased from Integrated DNA technologies (IDT).
Cy3- and Cys-labelled 17mer RNAs (Supporting Table Si1) derived from the rotavirus
segment Saa (nucleotides 49 — 66, complementary to segment St nucleotides 307 — 324)
were ordered from IDT. Dual-labelled RNA stem-loop was designed to have a similar
minimal free energy (MFE) of folding to that of the stable 20mer hairpin (Supporting Table
Sa), but with a larger loop to enable efficient protein binding. A 36mer hairpin with MFE = -
8.9 kcal mol™ with 3'-Attos32 and 5'-Atto647N dyes was designed and purchased from IBA
Life Sciences.

Size-exclusion chromatography (SEC), dynamic light scattering (DLS) and small angle
X-ray scattering (SAXS)

oNS-ribonucleoprotein (RNP) complex was prepared by mixing NS (175 uM monomer)
with  20mer unstructured RNA (70 pM, Supporting Table Si1) to ensure complete
saturation of oNS with RNA, assuming that a single oNS hexamer binds two RNA
molecules. In the case of a higher-order GNS-RNP complex (i.e. octamer bound to 2 RNAs),
this stoichiometry also ensures protein saturation with RNA. For light scattering analysis,
25 UM oNS and oNS-20mer complex were run at a flow-rate of 0.4 ml min™ on a TSKgel
G6000PWx| SEC column (Tosoh) with an AKTA pure system (GE Healthcare) connected to a
DAWN HELEQOS (Wyatt).

SAXS samples were prepared in a similar manner, whereby oNS was incubated with
saturating amounts of 2omer or 4omer RNA (Supporting Table S1), as described above.
SAXS intensity data, /(g) versus momentum transfer g (g = 4nsin@/4, where 6 is the
scattering angle and Ais the wavelength), were collected using SEC-SAXS on beamline B21
at Diamond Light Source (Didcot, UK) over a range of g of 0.004 < g < 0.442 A™. 5o pl of
each sample (~175 uM) was loaded onto a 2.4 ml Superdex 200 Increase 3.2 column
mounted on Agilent HPLC, and the eluent was flowed through the SAXS beam at o0.04
ml/min. The SEC buffer used as the background was collected after one SEC column
volume. SAXS data were collected at 1 second intervals using a Pilatus 2M detector
(Dectris, Switzerland) at a distance of 3.9 m and an X-ray wavelength of 1 A. Guinier plot fit
and real space inversions were performed using Primus (20) and GNOM from the ATSAS
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software package v. 2.8.3 (21, 22). Radii of gyration (R,) were estimated using AUTORG
(21). Low resolution envelopes were determined using the simulated annealing procedures
implemented in DAMMIF (23) in slow mode, with no symmetry applied. Each scattering
curve generated 20 independent models, which were averaged and filtered using
DAMAVER (24) and DAMFILT with a mean normalized spatial discrepancy of 0.820 + 0.05
(oNS apoprotein) and 0.576 * 0.03 (oNS-20mer complex). SAXS experimental data
together with the relevant experimental conditions and the derived models are available
from SASBDB.

Native mass spectrometry

oNS was dialysed into 200 mM ammonium acetate, pH 7.6 overnight at 4°C. RNP
complexes were assembled as described above. GNS apoprotein and 6NS-RNP complex
were diluted to a final concentration of 20 uM. NanoESI-IMS-MS spectra were acquired
with a Synapt HDMS mass spectrometer (Waters) with platinum/gold-plated borosilicate
capillaries prepared in-house. Typical instrument parameters were: capillary voltage,
1.2-1.6 kV; cone voltage, 40 V; trap collision voltage, 6 V; transfer collision voltage, 10 V;
trap DC bias, 20 V; backing pressure, 4.5 mbar; IMS gas pressure, 0.5 mbar; traveling
wave height, 7 V; and traveling wave velocity, 250 ms™. Data were processed with
MassLynx v4.1, Driftscope 2.5 (Waters) and Massign (25). Collisional Cross-Sections
(CCSs) were estimated through a calibration (26—28) using arrival-time data for ions with
known CCSs (B-lactoglobulin A, avidin, concanavilin A and yeast alcohol dehydrogenase,
all from Sigma Aldrich). The CCS values of the lowest observed charge state (and
therefore the least affected by Coulombic repulsion (29)) were selected for comparison
with SAXS-derived CCS estimates. Theoretical CCS values for SAXS ab initio
reconstructions of oGNS and cNS-RNP were generated by using the calibrated projection
approximation method in IMPACT (30). Estimated CCSs for the 20 independently
generated dummy atom models were generated and averaged.

Affinity measurements by fluorescence anisotropy

Fluorescence anisotropy measurements with AlexaFluor488 dye-labelled RNAs
(Supporting Table S1) were performed at 25°C using a POLARstar Omega plate reader
(BMG Labtech) in Greiner 384 well black polypropylene plates. Serial 2-fold dilutions of
NSP2 and oNS were titrated into 5 nM RNA in 5o mM Tris-HCl pH 7.5, 50 mM NaCl, 2 mM
EDTA, 0.05% Tween-20 in a total volume of 5o ul and equilibrated at room temperature for
15 minutes prior to measurements were taken. Where required, buffers were supplemented
with 10 mM MgCl,. Raw Anisotropy (r) values were calculated as follows:

dn-1y
"TUn+2 0

(2)
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Where I |l and I L are the parallel and perpendicular emission signals, respectively.
Normalized anisotropy values were plotted as a function of protein concentration and
fitted to a Hill equation using OriginPro g.0.

Electrostatic contributions to free energies of protein-RNA interactions
The dependence of Kqps on bufferionic strength can be expressed as
log Kops = —m'yplog|M™] +log Kops1m
(2)

where [M']is the monovalent counterion concentration (in this case Na*), m’is the number
of ion pairs formed, yis defined as the thermodynamic extent of counterion binding and
Kobs,zm is the non-electrostatic contribution to the dissociation constant, defined as the Kys
at 1 M NaCl, when the polyelectrolyte effect is minimal (31, 32). The slope, SKobs, Of
log(Kobs) @against log[M"] relates to the number of counterions released upon binding as
follows:

Alog K s —

SK,pg = — 0005 _
obs Alog[M™]

(3)

The electrostatic (poly-electrolyte) contribution to free energy of binding, AGeg, can
therefore be determined as

AGPE = AGobs - AGnPE = _RT(SKobslog[M+])
(4)

where AGeps is the total free energy of binding, and AGp¢ is the non-electrostatic (non-
polyelectrolyte) contribution. As the parameter wvaries between different polynucleotides,
we estimated the amount of salt bridges using empirically determined values, poly(U) =
0.68 and poly(A) = 0.78 as the upper and lower limits of salt bridges involved in complex
formation (31, 32). As NSP2 octamers disassemble under high ionic strengths (33), a range
of 5o — 250 mM NaCl was used to determine RNA binding affinities. NS, however,
aggregates at low (<o mM) NaCl concentrations, but is not affected by higher ionic
strength conditions, so a wider range of ionic strength buffers were used to determine RNA
binding affinities (up to 500 mM Nacl).

Electrophoretic Mobility Shift Assays (EMSAs) and in-gel FRET

A dual-labelled RNA stem-loop was designed with a minimum free energy (MFE) of folding
of -8.9 kcal mol™, containing 3'-donor (ATTOs532) and 5'-acceptor (ATTO647N) dye
fluorophores as a FRET pair (Supporting Table Si1). Dual-labelled stem-loop was heat-
annealed in binding buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) at 75°C for 5
minutes and cooled to 4°C prior to incubation with increasing amounts of oGNS (final RNA
concentration 10 nM). 10 pl of each sample was mixed with 2 pl 6x loading buffer (30% v/v
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glycerol, 5% Ficoll 400, 5o mM NaCl, 20 mM HEPES pH 8, 5 mM EDTA, 0.002% w/v
bromophenol blue). Electrophoresis was carried out on a nondenaturing 1.5% agarose gel
for 9o min at 100 V in 1 X Tris-borate-EDTA buffer at 4°C. Gels were imaged using a
fluorescence scanner (Fujifilm FLA-5100) with 532 nm excitation, imaging donor and
acceptor wavelengths separately. 2D densitometry was performed using ImageJ. Apparent
FRET efficiencies (Errerapp) Were calculated as follows:

EFRET( ) = IATT0647N/
app (IATTOSBZ + IATT0647N)

(5)

Where Iarros3. and larros,,n @are donor and acceptor emission intensities, respectively. For
probing RNA : RNA interactions between Ssf and Siif fragments (Supporting Table S1),
100 nM of each RNA was individually heat-annealed at 85°C for 5 minutes in folding buffer
(10 mM HEPES pH 7, 1M NaCl, 10 mM MgCl,) and snap-cooled to 4°C for 20 minutes,
ensuring complete stem-loop folding prior to co-incubation. 10 nM of Sgf and Saif were
incubated at 37°C in annealing buffer (10 mM HEPES pH 7, 200 mM NaCl, 1 mM MgCl.) and
immediately analysed by electrophoresis on a native 15% acrylamide-TBE gel, run at 8o V
at 4°C, and stained with 0.01% (w/v) SYBR gold. Gels were imaged using a fluorescence
scanner as described above, using 488 nm excitation.

Fluorescence cross-correlation spectroscopy (FCCS)

Equimolar amounts of 18-nt Cy3- and Cys-labelled non-complementary RNAs (10 nM each)
(Supporting Table S1) were incubated with varying concentrations of NSP2 and 6NS in 5o
mM NaCl, 20 mM HEPES pH 7.4. Interactions between Sg and S11 RNAs and Sg and Cys-
17mer (Supporting Table S1) were measured as previously described (17). Briefly, 55 nM of
each RNA strand was incubated with 5 — 10 uM NSP2 or 6NS at 37°C for 15 minutes.
Samples were then diluted into 150 mM NaCl, 20 mM HEPES pH 7.4, 0.05% Tween 20,
resulting in a final RNA concentration of 1 nM each labelled RNA. NSP2 removal using
proteinase K does not significantly reduce the amplitude of cross-correlation, suggesting
that the observed cross-correlation is due to strand-annealing (17).

Circular Dichroism (CD)

CD experiments were performed on a Chirascan plus spectrometer (Applied Photophysics).
Samples were prepared by dialyzing protein solutions against 10 mM phosphate buffer pH
7.4, 50 mM sodium fluoride. Spectra were recorded over a wavelength range of 190 — 260
nm, with a bandwidth of 1 nm, step size of 1 nm and a path length of 2 mm. An average of 3
scans were used for the final spectra. Thermal stability was analysed by monitoring the CD
signal at 222 nm during heating from 20°C to 70°C with a heating rate of 1°C min™.

Ensemble FRET
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Dual-labelled stem-loop (Supporting Table S1) was heat-annealed at 75°C for 5 minutes
and cooled to 4°C. Folded RNA-alone and denatured RNA (in 50% v/v formamide) were
initially measured in 100 pl volumes at a final RNA concentration of 10 nM. Serial 2-fold
dilutions of NSP2 and oNS from 15 pM were incubated with 10 nM RNA at room
temperature for 15 minutes prior to measurement. Measurements were performed using a
Fluorolog spectrofluorimeter (Horiba Jobin-Yvon). Apparent FRET efficiencies were
calculated using Equation 5.

Single-pair FRET measurements

Dual-labelled RNA stem-loop used for ensemble FRET measurements was heat-annealed
as described above and diluted to 10 pM final concentration. oNS and NSP2 were
incubated with the stem-loop (25 nM each). Single-pair FRET measurements were
performed on a custom-built confocal microscope with multiparameter fluorescence
detection (MFD) and pulsed interleaved excitation (PIE) (34) as described previously (35).
Briefly, two picosecond pulsed lasers (532 nm and 640 nm) were operated at a repetition
rate of 26.66 MHz and delayed by 18 ns with respect to each other to achieve rapid
alternating excitation of donor and acceptor fluorophore at 100 uW laser power. By diluting
the sample to picomolar concentrations, single molecule events were detected as bursts of
fluorescence as they diffuse through the confocal volume on the millisecond timescale.
Bursts were selected using a sliding time window burst search (36) with a count rate
threshold of 10 kHz, a time window of 5oo ps and a minimum of 100 photons per burst.
Using time-correlated single photon counting and polarized detection, one can calculate
for every molecule its FRET efficiency, labeling stoichiometry, and the fluorescence lifetime
and anisotropy of the donor and acceptor fluorophores (34). To remove molecules lacking
the donor or acceptor dye, we used the ALEX-2CDE filter (37) with a time constant of 100 ps
and an upper threshold of 10. Accurate FRET efficiencies E were calculated from
background-corrected photon counts in the donor channel and acceptor channel after
donor excitation (Fpp/Fpa) and acceptor channel after acceptor excitation (Fy,) by
correcting for crosstalk (@ = 0.03), direct excitation (§ = 0.06) and differences in the
quantum yield and detection efficiency (y = 0.65):

E= Fpa— aFpp —6Fy,
YFpp + Fps — aFpp — 6Fy4

(6)

Species-selective fluorescence correlation functions were determined as follows: Sub-
populations of molecules were selected using FRET efficiency thresholds (NSP2: low-FRET
E < 0.4, high-FRET E > 0.6; oNS: low-FRET E < 0.15, medium-FRET 0.3 < E < 0.8, high-FRET
E > 0.9). For every burst, photons in a time window of 50 ms around the edges of the burst
were added. If another single molecule event was found in the time window, the respective
burst is excluded from the analysis. Correlation functions were calculated for each
individual burst using acceptor photons after acceptor excitation to ensure that the
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obtained correlation functions are independent of the FRET efficiency. Species-selective
correlation functions were then averaged to obtain the burst-selective correlation function
(38, 39). All analysis was performed using the PAM software package (40).

Raman spectroscopy

Raman spectra of RNA, NS and RNP and their corresponding buffers were acquired on a
modular multi-channel Raman spectrograph Jobin Yvon-Spex 270M in 9o° scattering
geometry using 532 nm line of a continuous-wave solid-state Nd:YVO, laser for excitation
(power of 240 mW at the sample), as described in detail elsewhere (41). Raman
measurements were performed in a temperature-controlled hermetical quartz microcell (4
uL volume) at 20°C and 60°C. Final spectra represent averages of 30 - 720 individually
acquired and analysed scans (depending on the sample type) each of 1 min integration time
to notice any spectral changes during laser exposure and to increase signal-to-noise ratio
without mathematical smoothing. Wavenumber scales were precisely calibrated (+ 0.2 cm’
%) using the emission spectra of a neon glow lamp taken before and after each Raman
measurement. The Raman contribution from corresponding buffer was subtracted, and the
spectra were corrected for non-Raman background.
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Results

oNS is unable to promote inter-segment interactions between RV RNAs

Recently, we have demonstrated that NSP2 can selectively promote RNA-RNA
duplex formation between genomic ssRNAs in rotaviruses (17). Both NSP2 and oGNS
possess helix-destabilising and strand-annealing activities in vitro (27, 18). Using a
previously established RNA-RNA interaction between rotavirus (RV) segment S5 and Si11
ssRNAs (17), we compared the abilities of NSP2 and 6NS to promote inter-segment duplex
formation. We employed fluorescence cross-correlation spectroscopy (FCCS) to monitor
inter-segment RNA-RNA interactions.

While S5 and S11 do not interact in the absence of protein (Figure 1A, magenta), co-
incubation of S5 and Si1 with NSP2 results in inter-molecular RNA duplex formation
(Figure 1A, blue). In contrast, co-incubation of Sg and Si1 RNAs with 6NS does not
promote duplex formation (Figure 1A, black). Binding of both NSP2 and 6NS to either RNA
results in an increase in apparent diffusion time, confirming that both proteins interact with
S5 and S11 and form larger ribonucleoprotein (RNP) complexes (Supplementary Figure
S1). Hence, both proteins can bind to these RNAs, but only NSP2 can mediate a sequence-
specific interaction between RV genomic ssRNAs.

Given that 6NS promotes strand-annealing of short RNA oligonucleotides (18), its
failure to promote interactions between full-length genomic ssRNAs may be due to
sequestration of complementary sequences within RNA secondary structure. We compared
the strand-annealing activities of both proteins using shorter complementary RNA
fragments derived from St (Ssf, nucleotides 299 — 350) and Si1 (Sa1f, nucleotides 31 - 77).
Incubation of Ssgf and Siif (10 nM each) resulted in spontaneous hybridization
(Supplementary Figure S2). To limit this, we investigated interactions between a full-
length S5 and an unstructured Si1-derived 27mer complementary to Si (Supporting Table
S1). NSP2 increases the amount of interacting Ss : 27mer (Figure 1B, blue, respectively),
while 6NS was unable to promote this interaction beyond the level of spontaneous
annealing (Figure 1B, black and magenta, respectively).

As RNA annealing activity typically involves simultaneous binding of two RNAs, we
next examined whether NSP2 and 6NS can bind multiple RNAs in solution. To distinguish
strand-annealing from RNA binding, we designed differently-labelled non-complementary
17mer RNAs (Supporting Table S1). In the absence of protein, these RNAs did not interact
(Figure 1C & D, magenta). Incubation of either NSP2 or NS with an equimolar mixture of
distinct RNAs at 2:1 to 4:1 protein oligomer : RNA ratio resulted in the largest fraction of co-
diffusing oligomer-bound ssRNAs, indicating that both NSP2 and 6NS can bind multiple
unstructured RNAs. Having established that both proteins bind multiple RNAs with
similarly high affinity, the observed failure of GNS to assist annealing of the 17mer to Sg
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ssRNA could be explained by its failure to remodel the target RNA sequence and increase
its accessibility.

oNS undergoes an RNA-induced hexamer-to-octamer transition

Having established that both NSP2 and oNS can bind multiple RNAs per oligomer,
we further investigated oNS-RNP complex formation. NSP2 is a stable octamer in the
presence or absence of RNA (11, 33, 42), while the 6NS apoprotein is hexameric, although
RNP stoichiometry is unknown (18). We incubated oNS hexamer with a stoichiometric
excess of 2omer RNA (Materials and Methods) and analysed the RNP complexes using size-
exclusion chromatography and dynamic light scattering. Surprisingly, cNS-RNP eluted
earlier and had a greater hydrodynamic radius (Ry) of ~ 8 nm than the apoprotein (Ry ~ 5
nm) (Figure 2A). This difference in R, cannot be explained by the binding of multiple 20mer
RNA molecules alone, suggesting that 6NS undergoes a change in conformation or its
oligomeric state.

We then examined RNP complex formation by small-angle X-ray scattering (SAXS).
Radii of gyration (Rg) values for GNS apoprotein and RNP complex were 5.5 + 0.03 nm and
7.6 + 0.05 nm, respectively (Figure 2B). Guinier region analysis suggests that both cNS and
oNS-RNP samples are monodisperse, confirming that the observed increase in size is not
due to oNS aggregation when bound to RNA (Supplementary Figure S3A). Upon RNA
binding, hexameric 6NS further undergoes a 2-fold increase in its maximum distance (Dmax)
value from 19.9 nm to 41.6 nm (Figure 2C). Further analysis of SAXS data indicates that
both NSP2 and oGNS are globular, however o6NS-RNP complex formation results in a
flexible, elongated particle (Supplementary Figure S3B). No further increase in size of the
RNP was observed after incubation with a 4omer RNA (Supplementary Figure S3C). The
assembled oNS-RNP complex appears to be more stable than 6NS apoprotein, while NSP2
exhibited significantly decreased stability upon RNA binding (Supplementary Figure Sg),
explaining the severe aggregation of NSP2-RNP that precluded its characterisation by
SAXS. Together, these data suggest that oNS undergoes an RNA-driven oligomerisation
that is independent of the substrate RNA length.

To analyse the stoichiometries of GNS-RNP complexes, we used native electrospray
ionization —ion mobility spectrometry — mass spectrometry (ESI-IMS-MS). A typical ESI-MS
spectrum shows oNS hexamers along with additional oligomeric species, in agreement
with previous analysis of GNS (18) (Figure 3A & Supplementary Figure Si). In contrast, the
RNP contains a large population of octameric species with two RNAs bound (Figure 3B). A
small fraction of hexameric species was bound to a single RNA. Together, IMS-MS and
SAXS data suggest that oNS undergoes a hexamer-to-octamer transition upon RNP
complex formation (Figure 3).

We then used ion-mobility mass-spectrometry to estimate rotationally averaged
collision cross-sections (CCSs) areas for each observed species (43). We compared CCSs
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derived from the ESI-IMS-MS spectra with the CCS values of oNS apoprotein and RNP
complex calculated for SAXS-derived models, as described in Methods (Figure 4A & B,
Supplementary Figure S6). The CCS values of the hexameric 6NS (103.6 + 2.8 nm?) are in
good agreement with the CCS value estimated for the apoprotein SAXS envelope (102.2 +
0.5 nm?) (Figure 4C). This is the same case for GNS-RNP, where the measured CCS value
for octameric oNS bound in complex with 2 RNA molecules (120.5 + 0.5 nm?) closely
matches the size of the SAXS envelope generated for the RNP complex (119.4 + 1.0 nm?).
Thus, simultaneous binding of two RNAs results in the formation of stable, elongated
octameric 6NS-RNP complexes.

Octameric oNS disrupts RNA structures more efficiently than its
hexameric form

We then investigated the relationship between NS oligomeric state and its helix-
destabilizing activity. We designed a dual-labelled 36mer RNA stem-loop containing 3'-
Attos32 and 5'Atto647N fluorophores (see Materials and Methods, Figure 5A), and
incubated it with increasing amounts of 6NS. Using electrophoretic mobility shift assays
(EMSAs) to separate free RNAs from assembled RNP complexes (Figure 5B & C), we
compared the helix-destabilizing activities of different NS oligomers by estimating the
FRET efficiencies of each band-shift (44, 45) (Figure 5D and Supplementary Figure S7).
Titrations of 6NS into this stem-loop produced three shifts that sequentially occurred at
higher protein concentrations, corresponding to multiple oligomeric species. Given the
presence of RNA-bound hexamers and octamers observed in the ESI-IMS-MS spectrum
(Figure 3), we interpreted the first shift as hexameric 6NS and the second shift as
octameric oNS. The protein-free RNA had an apparent FRET efficiency (Errer(app)) Of 0.73 £
0.03, suggesting that the stem-loop is folded. The RNA hexameric shift had Errer(app) Of 0.40
* 0.11, and this value decreased further for the octameric shift (Erret(app) = 0.28 * 0.05),
indicating that octameric NS has a greater capacity for destabilizing RNA structure than
hexameric oNS (Figure 5D).

Given the RNA-binding footprint of oNS of ~20 nt (18, 46), a third shift was
observed at elevated 6GNS concentrations (> 2 uM). This shift does not occur when GNS
binds 20 nt RNA (Supplementary Figure S8), confirming that this shift is due to two oNS
oligomers bound to the same 36 nt RNA. Similar protein saturation of 4omer RNA resulted
in formation of a mixed population of higher-order species, as observed in SAXS
(Supplementary Figure Sg).

NSP2 and oNS differ in modes of RNA unfolding

Having examined the helix-destabilising activity of oNS oligomers, we then
investigated whether oligomer binding to a structured RNA is coupled to its unwinding
activity. We used single-pair (sp)FRET to analyse the FRET states of discrete populations of
protein-free and oligomer-bound RNAs using the dual-labelled RNA construct described
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above (Figure 5A). For stem-loop alone, a single high-FRET population is present (Figure
6A, grey histogram), in agreement with the MFE prediction that the RNA forms a stable
hairpin with its 3 and 5’ termini in proximity. In the presence of NSP2, two distinct FRET
populations were observed — a high-FRET population similar to that of the stem-loop alone,
and a low-FRET population (Figure 6A). Species-selective correlation analysis reveals that
NSP2 is bound to RNA in both FRET populations (Figure 6B), indicating that NSP2 can bind
to both folded and unfolded RNA stem-loops.

Similarly, we analysed RNA stem-loop destabilization by NS (Figure 6C). While the
high-FRET population persists in the presence of 6GNS, there are also a range of lower FRET
populations, notably an intermediate-FRET and a low-FRET population. The intermediate-
FRET population is dynamic on a sub-millisecond time scale, revealing an ensemble of
partially unwound inter-converting cNS-bound RNA structures (Supplementary Figure
S10). This is in agreement with previous results suggesting that even at higher protein
concentrations (> 5 pM), NS was unable to induce a single, unfolded RNA population (18).
Species-selective correlation analysis indicates that oNS is bound to RNA in both the
intermediate and low-FRET populations, but not the high-FRET (Figure 6D).

Ensemble FRET experiments conducted at a wider range of RNA and protein
concentrations further demonstrate that NSP2 is more efficient at destabilizing RNA than
oNS (Supplementary Figure S11). Collectively, these data suggest that NSP2 and 6NS
have different modes of RNA helix-destabilization. While NSP2 can bind to the folded
stem-loop, its binding may not necessarily result in RNA unwinding. In contrast, 6NS
binding induces a range of unfolded and partially folded RNA conformations.

NSP2 and oNS discriminate between RNA structures based on their
relative stabilities

As RNA unfolding activities of both proteins require ssRNA binding, we investigated
the relationship between RNA structure and binding affinity of NSP2 and oNS. We
designed three fluorescently-labelled 20mer RNAs with different thermodynamic stabilities
for use in binding measurements: an unstructured RNA, a metastable RNA (AG = -3.8 kcal
mol™), and a stable hairpin structure (AG = -8.1 kcal mol™) (Figure 7A). All three RNAs bind
NSP2 with near-identical affinities (Kp = 20 + 3.2 nM, Supporting Table S2), indicating that
NSP2 binds ssRNA independent of sequence (Figure 7B). oNS binds the unstructured and
metastable RNAs with similar affinities (Kp = 37 + 1.5 nM and 24 = 2.6 nM, respectively,
Supporting Table S2) but had lower affinity for the stable RNA (Kp = 137 + 1.9 nM) (Figure
7D).

To further investigate RNA structural preferences of either protein, we then
examined the affinities of NSP2 and NS for these RNAs in the presence of Mg*" ions,
which stabilize RNA structures (47, 48). Although the Kp values of both NSP2 and 6NS for
unstructured RNA remains largely unchanged (1.4- and 1.5-fold increase, respectively),
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there is a 10- to 30-fold decrease in affinity of both NSP2 and 6NS for the metastable and
stable RNAs (Figure 7C & 7E & Supporting Table S2). This suggests that although both
NSP2 and oNS exhibit preferential binding to unstructured RNAs, NSP2 can bind stable
hairpins better than oNS. This reduction in affinity cannot be explained by Mg**-induced
dissociation of protein oligomers (33), as binding affinities of either protein for unstructured
RNA remain largely unaffected in the presence of Mg™".

Previous structural studies of NSP2 have demonstrated that sequence-independent
ssRNA-binding occurs via a positively-charged groove (11, 42). Although there is no such
structural information for NS, NSP2 and oNS both bind ssRNA with high affinity and
without apparent sequence specificity, potentially via multiple electrostatic contacts. We
therefore examined the dependency of binding affinity on ionic strength by measuring the
dissociation constant of NSP2 and oNS for an unstructured 20mer ssRNA molecule at
different ionic strength (Figure 8). We observed the expected relationships between
binding affinity and ionic strength (Eq., indicating that NSP2 binding involves at most two
salt bridges, whereas oNS binds RNA via 3 — 4 ion contacts (Figure 8C) (32). Under
physiological ionic strength, NSP2 binds ssRNA with apparent free energy of binding, AG =
-9.52 kcal mol™, of which there is an estimated ~17.5% electrostatic component
(Supporting Table S3). Under the same conditions, NS binds RNA with AG = -9.50 kcal
mol™, of which there is a ~30.4% electrostatic contribution (Supporting Table S3). This
indicates that despite their near-identical affinities for RNA, oNS has a greater electrostatic
contribution to the overall free energy of binding relative to that of NSP2. Together, these
results suggest that NSP2 and oNS interact with RNAs differently, allowing them to
discriminate between ssRNAs based on their propensities to form stable secondary
structures (Figure g).

Discussion

Inter-molecular RNA-RNA interactions have been postulated to underpin the
selection and assembly of multi-segmented genomes in viruses comprising the Reoviridae
family (5, 17, 49, 50). Recent studies on rotaviruses suggest that NSP2 promotes RNA-RNA
interactions between its full-length genomic ssRNA segment precursors (17). Both NSP2
and oNS facilitate conformational rearrangements of ssRNAs in vitro (17, 18) and mediate
formation of inter-molecular RNA contacts between short, synthetic RNA fragments,
including those derived from ARV genome and containing complementary sequences that
may be involved in assembly of multiple RNAs (18). However, such interacting sequences
have not been yet identified in mammalian or avian reoviruses, and have only recently been
mapped for a number of inter-segment contacts within the rotavirus genome (17).
Therefore we employed these RV RNAs as a model to directly compare the abilities of
rotavirus NSP2 and avian reovirus 6NS to mediate RNA-RNA interactions within the
context of full-length RNA genomic precursors.
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Here we have shown that despite the ostensibly similar RNA chaperone-like
activities of NSP2 and oNS, only NSP2 is capable of promoting inter-segment interactions
between RV RNAs. To gain insights into the mechanisms underpinning this selective,
protein-mediated strand-annealing reaction, we performed a side-by-side comparison of
the RNA binding, helix-destabilizing and strand-annealing activities of both proteins.

Previous studies conducted with ssRNA substrates suggest that both NSP2 and 6NS
bind ssRNA without apparent sequence specificity (11, 12, 18, 33, 42, 46). Using RNA
substrates with different secondary structure stabilities, here we have demonstrated that
oNS displays reduced affinity towards highly stable hairpins, whereas NSP2 binds ssRNAs
regardless of their propensity to form secondary structure. Further stabilization of RNA
structure with Mg** ions reveals that both proteins indeed preferentially bind unstructured
RNAs. The observed change in the affinity is consistent with previously reported inhibition
of the strand displacement activity of GNS in the presence of MgCl, (42). NSP2 was shown
to dissociate into smaller oligomers in the presence of magnesium (33). However, NSP2
binding to unstructured 20-mer RNA in the presence of 10 mM MgCl, remains largely
unaffected (Figure 7C & 7E), strongly suggesting that the observed inhibitory effects of
Mg™" ions are due to RNA secondary structure stabilization. These structural preferences of
NSP2 and oNS are consistent with the observed helix-destabilization upon protein binding
to a stable RNA stem-loop. Incubation of the stem-loop with large molar excess of either
protein results in the RNA helix disruption (Supplementary Figure S11). However, spFRET
and FCS analyses reveal that NSP2 can efficiently bind both folded (high FRET) and
unfolded (low FRET) RNA stem-loops. The initial NSP2 binding may not necessarily result in
substantial RNA unwinding (Figure 6), which is ultimately achieved at higher protein
concentrations (Supplementary Figure S11). In contrast, oNS binding results in gradual
unfolding, producing a mixed population of partially unfolded RNA intermediates, failing to
completely unfold RNA even at high molar excess, further indicating that both proteins
have different modes of helix disruption (Figure 6).

Given that helix-destabilizing activity of both proteins is likely to be coupled to
ssRNA binding, we examined how these proteins interact with unstructured RNAs. While
NSP2 interacts with two RNAs as an octamer (33), NS hexamer only binds a single RNA
and undergoes a hexamer-to-octamer transition that appears to be a prerequisite for
binding a second RNA molecule. Octamer formation is concomitant with the increased
helix-destabilizing activity, potentially providing additional RNA-binding surface (51, 52),
hence increased capacity to compete with RNA secondary structure formation (Figure g).
Thus, failure of oNS to promote a specific inter-segment duplex formation can be
attributed to its reduced capacity to interact with and disrupt stable intramolecular RNA
structures.

RNA secondary structure stability modulates chaperone activity
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Given the mechanistic differences between NSP2 and 6NS, it appears that a major
determinant of efficient protein-mediated inter-segment annealing is RNA structural
stability. Intramolecular RNA structure can regulate binding by cognate RNA chaperone
proteins, therefore affecting refolding and inter-molecular duplex annealing. Thus, RNA
secondary structure stability together with chaperone binding mode may serve to fine-tune
the matchmaking activities of RNA chaperones that would otherwise interact with RNA
without sequence preference (53, 54). This may regulate specific RNA-RNA interactions
required for a highly accurate assembly of a complete segmented RNA genome. Other
RNA chaperones, including E. coli StpA and Moloney murine leukemia virus NC, both of
which bind preferentially to unstructured regions of RNA (55, 56), exhibit similar
relationships between chaperone activity and RNA structural stability (57, 58). This
suggests that fine-tuning of RNA remodelling by its stability may be a general feature of
RNA chaperone activity.

RNA-driven oligomerisation

Upon binding of two ssRNAs hexameric GNS assembles into octameric RNP complexes
with defined stoichiometry. This mechanism of RNA-driven oligomerisation is distinct from
that of other viral RNA-binding proteins that assemble into large, non-discrete, higher-
order oligomers in the presence of RNA (59-62). We propose that GNS hexamer assembles
as a trimer of dimers (28), in dynamic equilibrium with a low octameric population (Figure
3). RNA binding results in equilibrium shift towards octameric species, which appear to be
stabilized by RNP complex formation. This represents a novel mechanism of modulating
RNA chaperone activity, whereby the oligomeric state of the protein defines its unwinding
efficiency. Similar to ARV 6NS, mammalian reovirus oNS and bluetongue virus NS2 have
also been reported to exist in a range of oligomeric states (63-66). It is possible that
different NS oligomers may play distinct roles during viral replication.

Other functionally analogous proteins encoded by different members of the
Reoviridae family form octamers, similar to NSP2 (notably Pg-1 and Pnsg proteins (67, 69)).
Despite their similar toroidal architecture, NSP2 presents a continuous, basic RNA binding
groove on the surface, while Pg-1 binds ssRNA within a positively charged inner pore.
Analysis of RNA binding by both NSP2 and oNS also reveals different number of salt
bridges involved in protein-RNA interactions (Figure 8), with each protein predominantly
interacting  non-electrostatically.  Such  sequence-independent, non-electrostatic
interactions with ribose and base moieties may explain the preference of both NSP2 and
oNS for unfolded ssRNA over dsRNA substrates that are only accessible via the A-form
backbone. Indeed, Raman difference analysis of 6NS-bound RNA (Supplementary Figure
S12) reveals decrease in the band intensities corresponding to A-form backbone vibrations,
with many base vibrations being affected, and only small changes in the bands arising from
phosphate vibrations.
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Our results suggest that different members of the Reoviridae family may exploit
distinct mechanisms of regulating RNA chaperone activities underpinning genome
segment assortment. We propose that the stability of RNA structure together with distinct
unwinding mechanisms underpins the observed selectivity of RNA-RNA interactions. This
may serve to requlate selection of genomic RNA segments to achieve assembly of a
complete set of cognate genomic RNAs with high fidelity.
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Figure 1. Probing RNA interactions mediated by RV NSP2 and ARV oNS

A: Inter-segment RNA-RNA interactions probed by fluorescence cross-correlation
spectroscopy (FCCS). Normalised cross-correlation functions (CCF) are shown for
interacting S5 & S11 RV RNAs. Equimolar mixtures of RV RNAs S5 and Si1 (55 nM each)
were incubated in the presence of 5 uM NSP2 (blue), or oNS (black), and diluted to achieve
1 nM RNA concentration. Under these conditions protein-free and cNS-bound S5 and Si1a
RNAs do not interact (magenta and black, respectively).

B: Inter-molecular RNA interactions between a full-length S5 RNA and an unstructured 17-
mer RNA derived from Si1 RNA (Supporting Table S1). ssRNAs were incubated as
described in (A), analysed by FCCS, yielding CCFs in the presence of NSP2 (blue), or oNS
(black).

C & D: Simultaneous binding of distinct 17-mer ssRNAs by NSP2 and oNS protein
oligomers. Equimolar mixtures of Cy3- and Cys-labelled non-complementary RNAs
(Supporting Table S1) were incubated alone, and at variable RNA : protein oligomer ratios
(hexameric oNS, oNSpex and octameric NSP2, NSP2oc1). CCF amplitudes were normalized
by their respective ACFs, and the resulting amplitudes were then normalized to the highest
CCF observed for 4:1 [RNA] : protein oligomer ratio, revealing co-diffusion of protein-
bound distinct ssRNAs.
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Figure 2. RNA binding results in assembly of a larger NS oligomer

A: Size-exclusion chromatography elution profiles of oNS apoprotein (blue) and oNS
ribonucleoprotein (RNP) complex (red). Absorbances at 260 nm and 280 nm are shown as
dashed and continuous lines, respectively. Dynamic light scattering (DLS)-derived
hydrodynamic radii (R,) are shown for each species. A second, minor peak corresponds to
free, excess RNA.

B: Small-angle X-ray scattering (SAXS) curves for oNS apoprotein (blue) and RNP complex
(red), with respective fits shown in black. Scattering profiles are shown as the logarithm of
the scattering intensity, /, as a function of the momentum transfer, q = 4msin(8)/A. Radii of
gyration (Rg) values of both species are displayed.

C: Normalised pair-wise distance distribution functions, P(r), calculated from the scattering
curves of oNS apoprotein (blue) and RNP complex (red) showing an increase in maximum
dimension (Dmay)-
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Figure 3. NS RNP complex is predominantly octameric

A & B: Native electrospray ionisation (ESI) mass-spectra of oNS apoprotein (A) and RNP
complex (B). Averaged collision cross-sections, CCS (Q) are shown in nm? for each species.
Inset: Relative abundances of hexameric and octameric NS oligomers. Smaller protein
oligomers observed in both spectra are due to dissociation of higher order species during
the ionization process.
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Figure 4. oNS undergoes a hexamer-to-octamer transition upon binding RNA.

A & B: SAXS-derived ab initio models of hexameric oNS and oNS-RNP complex. 20 best
models for each oNS apoprotein species (A) and oNS-RNP (B) were generated as described
in Materials and Methods, averaged using DAMAVER (light mesh) and filtered using
DAMFILT (superimposed dark surface).

C: Collisional cross-sections (CCS) of oNS oligomers detected by ESI-IMS-MS. oNS
apoprotein species are shown in blue and oNS-RNP are shown in red. Dashed horizontal
lines denote CCS values estimated for the SAXS models of oNS apoprotein and the RNP
complex, shown in (A) and (B), respectively. Masses of each oligomer and their charge
states are summarised in Supporting Tables S4 & Ss.
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Figure 5. 6NS oligomers have different helix-unwinding activities

A: Structure of the dual-labelled RNA stem-loop with 5'-donor (‘D’) and 3'-acceptor (‘A’)

fluorophores, used for helix-unwinding assays monitored by Forster resonance energy
transfer (FRET).

B & C: Electrophoretic mobility shift assay (EMSA) of the dual-labelled stem-loop bound to

oNS oligomers. Multiple shifts occur (blue, green and vyellow asterisks) as oNS
concentration increases.

D: Helix-unwinding activities of different NS oligomers formed at increasing oNS
concentration. Apparent in-gel FRET efficiencies (Ergerapp) Of the unbound, hexamer-
bound and octamer-bound RNA stem-loops were estimated for each band-shift shown in

(B).
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Figure 6. Helix-destabilising activities of NS and NSP2, examined by single-pair FRET
(spFRET)

A: Histogram of spFRET efficiency of the dual-labelled RNA stem-loop (20 pM, shown in
grey), and in the presence of 25 nM NSP2 (orange).

B: Species-selective correlation analysis of the high-FRET (green autocorrelation
function, ACF) and low-FRET (red ACF) populations, and freely diffusing RNA (orange).
A typical ACF of a freely diffusing stem-loop is shown in grey (RNA*). Note rightward
shift in ACFs of protein-bound stem-loops due to slower diffusion.

C: Histogram of spFRET efficiency of the dual-labelled RNA stem-loop (see panel A),
alone (grey) and in the presence of 25 nM 6NS (blue).

D: Species-selective correlation analysis of the high-FRET (blue ACF), intermediate
FRET (green ACF) and low-FRET (red ACF) populations, and freely diffusing folded RNA
(high-FRET, orange). A typical ACF of a freely diffusing stem-loop is shown in grey
(RNA*). Only intermediate and low-FRET species are bound to 6NS.
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Figure 7. Stability of RNA structure determines preferential binding by NSP2 and 6NS

A: Fluorescently-labelled unstructured (red), metastable (blue), and stable (green) 20-mer
RNAs used for fluorescence anisotropy binding assays.

B&D: NSP2 binds unstructured and stable RNAs with similar affinities. In contrast, stable
secondary structure impedes NS binding.

C&E: Mg**-dependent stabilisation of RNA structure impairs binding of ssRNAs by both
NSP2 & 6NS. Note the apparent affinity of both proteins for unstructured 20-mer remains
largely unchanged upon addition of 20 mM MqgCl, Due to NSP2 aggregation at higher
concentrations, protein titrations were only performed with [NSP2] up to 2 uM (panel Q).
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Figure 8. NSP2 and 6NS display different electrostatic contributions to RNA binding

A & B: Salt-dependence of NSP2 (A) and oNS (B) binding to unstructured 20-mer ssSRNA
measured by fluorescence anisotropy.

C: Linear correlation between log(K,) and log([NaCl]) for both NSP2 (black) and oNS (red).
Derived mean Kq + sd (N = 3) values are summarised in Supporting Table S3. The number
of salt bridges contributing to RNA binding is estimated from fitted slopes, corresponding
to <2 for NSP2 and 3 — 4 for oNS.
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Figure 9. NSP2 and oNS employ different mechanisms to promote RNA-RNA
interactions

NSP2 (blue) and oNS (green) can bind multiple RNAs per oligomer. NSP2 octamer binding
results in efficient RNA unwinding, thereby promoting duplex formation between
complementary sequences (highlighted in red and yellow) within interacting genomic
segment ssRNAs. In contrast, efficient RNA unwinding by oNS requires a hexamer-to-
octamer transition triggered by additional RNA binding. Failure of 6NS oligomers to fully
disrupt complementary sequences sequestered within RNA secondary structure results in
abrogation of strand-annealing activity.
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