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RNA-dependent RNA polymerase of predominant
human norovirus forms liquid-liquid phase condensates

as viral replication factories

Soni Kaundal', Ramakrishnan Anish', B. Vijayalakshmi Ayyar?, Sreejesh Shanker', Gundeep Kaur?,
Sue E. Crawford?, Jeroen Pollet*, Fabio Stossi®t, Mary K. Estes>, B. V. Venkataram Prasad'">*

Many viral proteins form biomolecular condensates via liquid-liquid phase separation (LLPS) to support viral rep-
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lication and evade host antiviral responses, and thus, they are potential targets for designing antivirals. In the case
of nonenveloped positive-sense RNA viruses, forming such condensates for viral replication is unclear and less
understood. Human noroviruses (HuNoVs) are positive-sense RNA viruses that cause epidemic and sporadic gas-
troenteritis worldwide. Here, we show that the RNA-dependent RNA polymerase (RdRp) of pandemic Gll.4 HuNoV
forms distinct condensates that exhibit all the signature properties of LLPS with sustained polymerase activity
and the capability of recruiting components essential for viral replication. We show that such condensates are
formed in HuNoV-infected human intestinal enteroid cultures and are the sites for genome replication. Our stud-
ies demonstrate the formation of phase-separated condensates as replication factories in a positive-sense RNA
virus, which plausibly is an effective mechanism to dynamically isolate RdRp replicating the genomic RNA from

interfering with the ribosomal translation of the same RNA.

INTRODUCTION
The compartmentalization of biomolecules is essential for efficiently
regulating numerous biological processes in a dense cellular envi-
ronment. A wealth of recent research has shown that, apart from the
traditional membrane-bound organelles, eukaryotic cells also contain
membraneless organelles such as P granules, nucleoli, Cajal bodies,
etc. (1-3). These membraneless organelles, also known as biomolec-
ular condensates, are formed by the process of liquid-liquid phase
separation (LLPS), where a single, uniform liquid phase separates
into a dense phase that coexists with the surrounding dilute phase
(4, 5). These condensates, often initiated by a single protein, selec-
tively allow the incorporation of proteins and nucleic acids to pro-
vide exclusive compartments for performing specialized cellular
functions, including gene regulation, protein synthesis, and signaling
(5, 6). Depending on the sequence and concentration of the protein,
the presence of other biomolecules, and the physiochemical proper-
ties of the surroundings, the dense phase can have the material prop-
erties of a liquid, gel, or solid (3, 7, 8). The liquid-like condensates
typically have a spherical shape with a dynamic interior and exhibit
the ability to fuse with each other, deform upon physical contact,
and revert to the spherical shape (3, 8). Signature features of the
proteins undergoing LLPS include the presence of a nucleic acid
binding domain, a disordered/flexible region, a low complexity re-
gion, and the ability to form oligomers (9, 10).

Many viruses, upon infecting host cells, form distinct intracel-
lular compartments, often referred to as viroplasms or replication
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factories (RFs), for genome replication and capsid assembly (11, 12).
In negative-sense RNA and dsRNA viruses, these compartments are
typically membraneless organelles within the cytoplasm, commonly
known as inclusion bodies. A growing amount of evidence shows
that these inclusion bodies have liquid-like properties. The forma-
tion of liquid condensates by viral proteins (N and P) was initially
demonstrated for Mononegavirales with negative-strand RNA ge-
nome, including rabies virus (13), vesicular stomatitis virus (14),
measles virus (15), and respiratory syncytial virus (16). In the case
of rotavirus, a dsRNA virus, nonstructural protein NSP5, in associa-
tion with the NSP2 protein, undergoes LLPS to form viroplasms, the
sites for viral replication (17). In contrast, the viral replication com-
plexes of positive-sense RNA viruses are associated with modified
cellular membranes (18, 19). However, recent research has demon-
strated that proteins encoded by positive-sense RNA viruses can also
exhibit phase separation behavior and play a critical role in the viral
life cycle. For example, phase separation by the N protein of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is impli-
cated in virus replication, genome packaging, and immunosuppres-
sion (20-25). This implies that other positive-sense RNA viruses
likely depend on crucial proteins for phase separation to control
replication, and discovering these proteins could pave the way for
improved drug therapies.

Apart from the N protein of SARS-CoV-2, there are very limited
reports of proteins encoded by other positive-sense RNA viruses that
undergo phase separation (26), particularly in the context of their
replication. Here, we investigated the phase separation behavior of
protein(s) encoded by human norovirus (HuNoV), a positive-sense
RNA virus. HuNoV:s are the leading cause of viral gastroenteritis and
pose an important global health and economic burden without any
approved vaccines or antivirals (27, 28). These icosahedral, single-
stranded RNA viruses, belonging to the Norovirus genus in the
Caliciviridae family account for an estimated ~685 million cases and
~212,000 deaths globally per year, with an economic impact of $60
billion (27-31). The NoV:s are classified into at least 10 genogroups
(GI to GX) and 49 genotypes (32). NoVs in genogroups GI, GII,
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GIV, GVIII, and GIX infect humans (32, 33), and among these,
HuNoVs belonging to genogroup II and genotype 4 (GIL.4) are re-
sponsible for ~80% of the outbreaks worldwide (34). The NoV ge-
nome is covalently linked to VPg and consists of three open reading
frames (ORFs). ORF1 encodes a polyprotein that is cleaved into six
nonstructural proteins by the viral protease to produce p48 (NS1 to
NS2), p41 (NS3), p22 (NS4), VPg (NS5), protease (NS6), and the
RNA-dependent RNA polymerase (RdRp) (NS7) (35). ORF2 and
ORF3 encode the major capsid protein VP1 and a minor structural
protein VP2, respectively (36). Our understanding of the HuNoV
replication processes in infected cells has been hampered by the lack
of a robust cell culture system. Much of our current understanding of
the entry and replication processes of HuNoV's has come from using
the human intestinal stem cell-derived, nontransformed enteroid
(HIE) monolayer cultures (37-39) for virus cultivation.

Using bioinformatics analysis, we found that among the nonstruc-
tural proteins encoded by the pandemic GII.4 Sydney strain, RARp
has the highest propensity to undergo LLPS to form biomolecular
condensates. In addition to the biophysical properties of GI1.4 RdRp,
such as its modular architecture, the presence of an N-terminal dis-
ordered/flexible region, the ability to homo-oligomerize and bind
RNA, and the critical role it plays during viral replication prompted
us to experimentally test the hypothesis that GII.4 RdRp drives the
formation of biomolecular condensates that are conducive for viral
replication through LLPS. Our studies show that RdRp, consistent
with its biophysical properties, indeed forms highly dynamic liquid-
like condensates via LLPS at physiologically relevant conditions and

that the disordered/flexible N-terminal region of RdRp is critical for
LLPS. Our studies further show that distinct puncta observed in the
virus-infected HIEs are liquid-like condensates representing replica-
tion compartments, as evidenced by the presence of RdRp, replication
intermediate dsRNA, and nonstructural protein (VPg). Together,
these findings establish that HuNoV RdRp undergoes LLPS to form
biomolecular condensates, which serve as efficient platforms for
viral replication.

RESULTS
HuNoV RdRp exhibits the obligatory properties to
undergo LLPS
We used the DeePhase server (40) to analyze the primary amino acid
sequences of all the nonstructural proteins encoded by HuNoV GII.4
(Sydney) for their ability to undergo LLPS (Fig. 1A). This analysis
predicted that RdRp, with an overall score of 0.67, has the highest
propensity to undergo LLPS. The known biochemical and enzymatic
properties of RARp are consistent with this prediction. As a protein
critical for the transcription and replication of genomic RNA, the
RNA binding property of RARp satisfies one of the criteria for under-
going LLPS. Other requirements include the presence of disordered
or flexible regions and the ability to form higher-order oligomers.
Analysis by PONDR (Fig. 1B) (41) and IUPred2 (Fig. 1C) (42) soft-
ware shows that ~50 N-terminal residues in RdRp are disordered.
To experimentally confirm the LLPS driving properties of GII.4
RdRp, we purified recombinant RdRp and determined its oligomeric
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Fig. 1. GI1.4 RdRp has the required properties to undergo LLPS. (A) Bioinformatics analysis of the primary amino acid sequences of all nonstructural proteins of HuNoV
Gll.4 to predict LLPS propensity using DeePhase. The dotted black line indicates the threshold LLPS score of proteins to undergo LLPS. (B and C) The disorder prediction
of Gll.4 RdRp primary amino acid sequence using bioinformatics tools (B) PONDR and (C) IUPred2. The dotted black line in both panels indicates the threshold disorder
score and the dashed pink oval shows the predicted disordered N-terminal region. (D and E) The oligomeric state of Gll.4 RdRp analyzed using (D) size exclusion chroma-
tography and (E) sedimentation velocity analytical ultracentrifugation. (F) A cartoon representation of the crystal structure of Gll.4 RdRp showing the disordered/flexible

N-terminal region colored in pink.
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state using size exclusion chromatography (SEC) (Fig. 1D) and sedi-
mentation velocity analytical ultracentrifugation (Fig. 1E), which
show that while most of the RdRp (75%) exists as a monomer in
physiologically relevant conditions, a fraction of it also tends to form
dimers (15%) and higher-order oligomers. Both monomers and the
higher-order oligomers (dimers) exhibited comparable polymerase
activity (fig. SI1). We also determined the x-ray crystal structure of
RdRp at 2.0 A resolution using molecular replacement (MR) [Protein
Data Bank (PDB) ID: 8TUF, table S1]. The crystal structure shows,
as expected, all the features observed in the previous crystallograph-
ic structures of the NoV RdRps (43-46), with a polypeptide fold re-
sembling a partially closed right hand, with fingers, thumb, and palm
as subdomains (Fig. 1F). The 50 N-terminal residues with only two
small stretches of p strands form a flap connecting the finger and the
thumb domains. To visualize the possible flexible regions in the
RdRp, we performed SEC coupled to small-angle x-ray scattering
(SEC-SAXS) studies combined with molecular dynamics simula-
tions using BILBOMD (47). Guinier plot analysis suggests that puri-
fied RdRp does not show any signs of aggregation and has a radius of
gyration (Rg) ~25 A (fig. S2, A and B). Kratky plot shows that RdRp
is globular in shape and exists as a monomer in solution (fig. S2C),
and the P(r) plot shows that RdRp is ~70 A in diameter (D) (fig.
$2D). To model the population of different conformations adopted
by RdRp in solution, we used the x-ray structure of RdRp (PDB ID:
8TUF) as the template and generated an ensemble of molecular mod-
els (~10,000) varying in Ry and Dy (fig. S2E), and the topmost mod-
els with y* close to 1 were further used for calculating theoretical
SAXS curves. The experimental scattering profile obtained from pu-
rified RdRp was compared to the theoretical scattering profiles of
the top eight BILBOMD atomistic models (fig. S2E). We superposed
the shortlisted BILBOMD models to the experimentally determined
crystal structure of GIL.4 RdRp and observed that fingers, thumb,
and palm domains of BILBOMD models superpose well (root mean
square deviation: 1.05 A over 465 Ca atoms) except the 50 N-terminal
residues, which appear to adopt a wide range of orientations in the
solution (fig. S2F), indicating its flexible nature. Together, these stud-
ies suggest that RdRp is a suitable candidate to further investigate its
phase separation behavior.

HuNoV RdRp undergoes phase separation to form dynamic
liquid-like condensates

To experimentally validate that RARp undergoes LLPS, we studied
its phase separation behavior in vitro using light scattering experi-
ments and confocal microscopy. Under physiological conditions, the
homogeneously mixed purified RdRp (10 pM) phase separates to
form a demixed turbid solution when incubated at 37°C for 45 min
(fig. S3A). The presence of condensates in the phase-separated so-
lution was examined by confocal microscopy using a mixture of
Atto 488-labeled (1%) and unlabeled (99%) RdRp using depression
slides. The micrographs showed the formation of distinct spherical
condensates (Fig. 2A). We examined the liquid-like nature of these
condensates by assessing their sensitivity toward the aliphatic alco-
hol 1,6-hexanediol (1,6 HD), which is commonly used as a chemical
probe to distinguish between liquid-like and gel-like states of bio-
molecular condensates (48, 49). The 1,6 HD (5%) treatment shows
the dissolution of condensates, indicating their liquid-like nature
(Fig. 2B). Further, we investigated the dynamic nature of these con-
densates using fluorescence recovery after photobleaching (FRAP)
of the RdRp molecules in the condensates. We observed a complete
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fluorescence recovery (98%) with a half-life (¢1/,) of 53.3 + 2.1 s (Fig.
2, Cand D, and movie S1) indicating diffusion of RARp molecules in
the condensate. Using time-lapse confocal microscopy, we observed
that smaller RdRp condensates fuse to form a larger condensate
(Fig. 2E and movie S2) and undergo surface wetting and dripping
(Fig. 2F). They further undergo dissolution upon dilution, indicat-
ing their reversible nature (fig. S3B). Our studies thus clearly show
that HuNoV GII.4 RdRp undergoes phase separation to form dy-
namic, liquid-like condensates, which are dense and high in RdRp
concentration yet allow the RdRp molecules to move freely within
the condensates and exchange with the surrounding environment.

Molecular crowding, pH, and salt concentration modulate
phase separation properties of HuNoV GIl.4 RdRp

To examine whether there is a minimum concentration of RARp nec-
essary to undergo LLPS, and how this concentration is affected by
molecular crowding agents such as polyethylene glycol (PEG), typi-
cally used to simulate intracellular molecular crowding, we used two
different techniques: light scattering experiments to measure turbid-
ity (Fig. 3A) and confocal microscopy to assess LLPS formation
(Fig. 3D). Different concentrations (0.5 to 25 pM) of RdRp were
screened with and without PEG-3350 (5 to 20%). Confocal micros-
copy results suggest that the minimum concentration for phase sepa-
ration of RARp decreases from 5 to 0.5 pM by adding 10% PEG-3350,
consistent with the findings from our light scattering experiments
(Fig. 3A). Similar results were obtained with higher-molecular weight
5% PEG-8000 (fig. S4). Together, these observations indicate that an
increase in molecular crowding, as expected inside the cells during
virus replication, decreases the minimum concentration of the pro-
tein to phase separate.

As it has been shown that virus infection can alter the intracel-
lular pH and salt concentrations of the host cell (50-52), we further
examined whether these factors can affect the phase separation be-
havior of RARp. We observed increased turbidity in the purified RdRp
at an acidic pH of 5.5 compared to a neutral pH, indicating that an
acidic pH promotes phase separation more effectively than a neutral
pH. In contrast, the turbidity was notably less at an alkaline pH of
9.0 (Fig. 3B). Because turbidity measurement is affected by the con-
densate’s size, shape, and density, we further performed confocal mi-
croscopy at different pH conditions (Fig. 3E). RdRp forms larger
condensates at pH 5.5 than at pH 7.5, and, at pH 9, the condensates
are few and have an irregular shape. In addition, at pH 5.5, the min-
imum concentration of RdRp required to form LLPS decreased to
0.5 from 5 pM at pH 7.5. To understand the conformational behavior
of RdRp at different pH values, we performed the analytical ultra-
centrifugation (AUC). The results show that at pH 7.5, 75% of RdRp
is monomeric and the rest consists of dimers and higher-order oligo-
mers. At pH 9.0, RdRp loses its ability to form dimers and higher-
order oligomers. At pH 5.5, most of the RdRp forms dimers and
higher-order oligomers (fig. S5). These results suggest that pH plays
an important role in the oligomerization of RdRp and possibly ex-
plains why a lower concentration of RdRp is required for condensate
formation at pH 5.5 compared to pH 7.5.

We also tested the effect of ionic strength on the phase separation
of RdRp by measuring the turbidity of the solutions containing vary-
ing concentrations of NaCl using turbidity measurements at 350 nm
(Fig. 3C) and by imaging the condensates using confocal microscopy
(Fig. 3F). These studies showed that GII.4 RdRp undergoes phase
separation at NaCl concentrations between 10 and 500 mM. Recent
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Fig. 2. HuNoV GII.4 RdRp undergoes LLPS in vitro. (A) Differential interference contrast (DIC) and confocal images of phase-separated RdRp (1% Atto 488 labeled and
99% unlabeled). Phase-separated RdRp has liquid-like properties. (B) Effect of 1,6 HD on LLPS of RdRp. (C) FRAP of RdRp in condensate photobleached at the position
indicated by the red circle. (D) The graph shows the recovery curve where normalized fluorescence intensity was plotted against time. (E) Time-lapse images of RdRp
condensates exhibit the formation of larger condensates by the fusion of smaller condensates over time. The red arrows indicate the site of fusion. (F) Surface wetting and
dripping using confocal microscopy. The red arrows indicate the position of surface wetting and dripping.

studies have shown a similar behavior of the N protein of SARS-
CoV-2 concerning pH and ionic strength (23).

The flexible N-terminal region is critical for HuNoV

Gll.4 RdRp LLPS

To validate the predicted role of the flexible N-terminal region of
RdRp in forming the condensates, first, we analyzed the N-terminal
deletion protein, HuNoV GII.4 RdRp-NA51, using DeePhase (40).
This analysis shows that deleting 51 N-terminal residues reduces the
DeePhase score to 0.52 (fig. S6A). Analysis of RARp using ParSe (53),
another bioinformatics tool to predict the amino acids involved in
LLPS, suggests that the N-terminal region of RdRp plays an impor-
tant role in LLPS (fig. S6B). We expressed and purified RdARp-NA51
and investigated whether this protein is properly folded and enzy-
matically active. The CD spectra of RdRp wild type (WT) and RdRp-
NA51 showed two distinct negative maxima at A = 208 nm and
220 nm and a strong positive peak around 190 nm indicative of an
a-helical conformation and thus of proper folding of the N-terminal
deletion construct (Fig. 4A). We also assessed the RNA polymeriza-
tion activity of RARp-NAS51 protein with a fluorescence-based assay
using SYTO9 dye used in many recent studies (54, 55). The results
indicate that RARp-NAS51 is enzymatically active with comparable

Kaundal et al., Sci. Adv. 10, eadp9333 (2024) 20 December 2024

activity with RARp WT (Fig. 4, B and C, respectively). SEC of this
deletion construct shows a reduction in their ability to form oligo-
mers (Fig. 4D). Confocal microscopy images show that deletion
of 51 N-terminal residues (RARp-NA51) resulted in few and very
small condensates that were difficult to image compared to RdRp
WT (Fig. 4E). Together, these results demonstrate that the flexible
N-terminal region of RdRp plays a critical role in its phase separa-
tion behavior.

RdRp is enzymatically active within liquid condensates

We estimated the concentration of RdRp in the condensates using
the centrifugation method (56), which shows that it is ~20 times
higher than the surrounding dilute phase. To examine whether the
highly concentrated protein in the condensate is enzymatically ac-
tive, we monitored the formation of dsSRNA from an ssRNA tem-
plate using a well-established fluorescence-based assay in which the
fluorescent dye SYTO9 binds specifically to dsRNA and fluoresces
when excited at 485 nm (54, 55) using a Yokogawa CV8000 high-
throughput spinning disk confocal microscope. Analysis of time-
lapse images shows an increase in fluorescence intensity (green)
within the condensates over time, suggesting the formation of dsSRNA. To
ensure that these condensates contain RdRp and are not formed
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by the dsRNA alone, as dsRNA also has the propensity to form
phase-separated condensates, we performed the polymerization as-
say using Atto 647N-labeled RdRp (1%) and unlabeled RdRp (99%).
The result shows the colocalization of RdRp and dsRNA in the
condensates, indicating that the RdRp is active within the con-
densates (fig. S7).

Liquid-to-solid transition triggers the formation of fibrils
and inhibits HuNoV GIl.4 RdRp activity

To study the dynamics of protein molecules during the maturation
of the RdRp condensates, we monitored the material properties of
the condensates for 12 hours using FRAP. In initial experiments, the
FRAP data revealed a complete fluorescence recovery (98%) with a
half-life (t;/;) of 53.3 + 2.1 s, which decreased substantially with time
(fig. S8, A and B). These condensates retained liquid-like properties
for about 4 hours and then transformed into gel-like or solid-like
condensates. The reduction in the mobility of protein molecules with-
in the condensates suggests that, over time, these condensates
change from liquid-like to solid-like, likely driven by the aggrega-
tion of proteins. We investigated whether changing the fluidity of
the condensates had any effect on the enzymatic activity of RdRp
molecules. As described in the above section, we performed the
RNA polymerization assay of RdRp after 12 hours of incubation
at 37°C. The results indicate that the reduction in the con-
densate’s fluidity is proportional to the enzymatic activity (fig.
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S8C). Negative staining transmission electron microscopy (TEM)
of the phase-separated samples after 12 hours of incubation at
37°C showed fibrillar structures of varying lengths (fig. S8D). Un-
expectedly, these fibrils have amyloid-like characteristics, such as
binding to amyloid-specific dyes thioflavin T (ThT) (fig. S8E) and
Congo red (CR) (fig. S8F).

Gll.4-infected HIE cells show RdRp containing
phase-separated condensates

To investigate the formation of these condensates in the context of
virus infection, we infected HIEs with GII.4 HuNoV and performed
immunofluorescence microscopy using anti-RdRp antibody at dif-
ferent time points after infection. The microscopy images show that
RdRp was initially diffuse and, with time, started forming discrete
spherical condensates (Fig. 5A), which gradually increased in size.
Because these virus-infected cells needed to be fixed and permeabi-
lized for immunolabeling, we could not perform live-cell imaging,
including FRAP and fusion experiments. In lieu of this, we exam-
ined the sensitivities of these condensates toward the aliphatic alco-
hol 1,6 HD. The infected cells (24 hours after infection) were treated
with 5% (v/v) 1,6 HD (added to the cell culture medium) for 5 min
and fixed with methanol. The cells were dual immunolabeled with
anti-RdRp antibody and anti-VP1 antibody (to detect the level of
infection). The confocal images of the 1,6 HD-treated HIEs exhibit
a reduction in the number of visible condensates compared to the
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Fig. 5. RdRp forms liquid-like condensates in Gll.4-infected HIEs. (A) Confocal microscopy images of Gll.4 HuNoV-infected HIEs (TCH 12-580) at different time points
after infection showing condensate formation detected by anti-RdRp antibody (green). Uninfected HIEs were used as negative control. White arrows indicate the position
of representative condensates. (B) Effect of 1,6 HD on the condensates formed in the Gll.4 HuNoV-infected HIEs suggesting their liquid-like nature.
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untreated cells, indicating the dissolution of these condensates (Fig.
5B), suggesting their liquid-like nature. To visualize the condensate
formation in live cells, we investigated whether a recombinant en-
hanced green fluorescent protein (eGFP)-tagged GII.4 RdRp forms
condensates with liquid-like properties upon transfection in human
embryonic kidney (HEK) 293T cells. Confocal microscopy imaging
of the cells 24 hours after transfection showed round condensates
formed by the RdRp (fig. S9A). In contrast, cells expressing eGFP
alone as a negative control exhibit a diffuse distribution of eGFP
(fig. S9A). The condensates formed by eGFP-RdRp showed recovery
after photobleaching (fig. S9, A and B) and condensate fusion (fig.
S9C). Further, these condensates undergo dissolution upon adding
1,6 HD, and they reappear after its removal, indicating their revers-
ible and liquid-like nature. Considering the potential cytotoxic
effects of 1,6 HD (17) and its limitations (57) in the study of
LLPS, we also performed the same experiments using 1,2-propane
diol or propylene glycol (PG), which showed the same results
(fig. S9D). Together, these findings provide evidence that the ob-
served condensates in the virus-infected HIEs harboring RdRp are
formed via LLPS.

Condensates in virus-infected HIEs are RFs

To determine whether the condensates observed in the virus-
infected HIEs are the sites for viral replication, we examined the
colocalization of the RdRp with the replicative intermediate
dsRNA. Virus-infected HIEs were fixed, immunostained by anti-
bodies against both GII.4 RdRp and dsRNA, and imaged using
confocal microscopy. Colocalization of dsRNA with RdRp in the
condensates (Fig. 6A) was found, suggesting that these conden-
sates are RFs. We further examined the condensates for the pres-
ence of VPg, another critical component of the replication
machinery (44), using antibodies against both RdRp and VPg
(Fig. 6B). Similar results were obtained when purified RdRp was
mixed with ssRNA and VPg (fig. S10, A and B, respectively). The
images show the coalescence of RdRp and VPg in these conden-
sates. Together, these results strongly suggest that these conden-
sates are sites for viral replication.

Anti-dsRNA

Anti-RdRp Anti-VPg Merge
Fig. 6. GIl.4 RdRp condensates are the sites for viral replication. Confocal im-
ages of the GlI.4 HuNoV-infected HIEs showing (A) colocalization (yellow) of dsRNA
(red) and RdRp (green) detected by respective antibodies and (B) colocalization
(yellow) of VPg (red) and RdRp (green) detected by respective antibodies. In both
panels, white arrows indicate the site of colocalization.
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RdRp condensates are associated with markers for

Golgi and ER

Previous studies on picornaviruses, murine noroviruses, and other
positive-sense RNA viruses have suggested a possible association
of the RFs with membranes (18, 58-60). To identify the association
of any membrane components in the condensates formed during vi-
rus infection, we examined the localization of various cellular mem-
brane markers, including trans-Golgi body (GalT), cis-Golgi body
(GM130), ER (calnexin), cis/medial-Golgi body (Giantin), and lyso-
somes (LAMP1) with RdRp marker. In contrast to GalT, which showed
clear colocalization with RdRp (Fig. 7A), no colocalization was de-
tected with GM130, calnexin (Fig. 7, B and C), Giantin, and LAMP1
(fig. S11, A and B). These results suggest that HuNoV's recruit mem-
branes derived from late compartments within the secretory path-
way, especially trans-Golgi bodies, with some specificity. We also
investigated whether any of the HuNoV nonstructural proteins with
a membrane binding domain, such as p41 (NS3), which is an NTPase
and viral helicase and considered to be critical for viral replication
(61), is associated with the RdRp condensates. We performed these
experiments in HEK293T cells by cotransfecting RdARp-eGFP and
p41-iRFP. The confocal imaging of these cells shows that p41 colo-
calizes with RdRp, suggesting that RdRp condensates can sequester
membrane proteins involved in viral replication (fig. S11C).

Amyloid formation in virus-infected HIEs

To investigate whether amyloid-like fibrils, as observed in our in vitro
experiments (fig. S8), are also formed in the context of viral replica-
tion, we stained the GII.4 HuNoV-infected HIEs with the thioflavin

A

Anti-RdRp

Anti-galT

Anti-RdRp

Anti-GM130 Merge

Anti-RdRp Anti-calnexin

Merge

Fig. 7. Association of RdRp condensates with membrane markers. Gll.4 HuNoV-
infected HIEs were fixed and dual labeled with markers for RdRp (green) and vari-
ous cellular membrane markers (red) (A) for the trans-Golgi (GalT), (B) cis-Golgi
(GM130), and (C) ER (calnexin).
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S (ThS) dye commonly used to stain amyloids formed inside cells
and performed microscopy imaging 48 hours after infection. Con-
sistent with our in vitro observations, the images show amyloid for-
mation within RdRp condensates (fig. S12). Such a transformation
from liquid-like to solid-like amyloid fibrils might provide a mecha-
nism to regulate viral replication.

DISCUSSION

In addition to their demonstrated role in regulating various cellular
functions, biomolecular condensates formed via LLPS are strongly
implicated in forming viral RFs/inclusion bodies (13, 15-17). For
example, in the case of negative-sense RNA viruses, the involvement of
LLPS in the formation of inclusion bodies, which are the sites for vi-
ral genome replication, has been extensively studied (13, 15, 16, 62).
The viroplasms formed during rotavirus infection, the genome rep-
lication, and subparticle assembly sites are considered biomolecular
condensates formed by the nonstructural proteins NSP5 and NSP2
(17). In the case of SARS-CoV-2, the N protein undergoes LLPS and
sequesters components of the viral replication machinery (63). Al-
though RFs during HuNoV infection are not yet described, distinct
RFs are observed in the case of murine NoV infection (58). How-
ever, the involvement of LLPS in these RFs has not been explored.
Here, we show that purified RdRp of GI1.4 HuNoV undergoes phase
separation to create liquid-like, dynamic condensates that contain
a protein-rich, dense, yet highly mobile environment. Our studies
further suggest that these condensates observed in HEK293T cells
and in GII.4 HuNoV-infected HIEs are spherical, grow over time,
and are sensitive to 1,6 HD or PG treatment, suggesting their liquid-
like nature. We posit that these condensates are the sites for viral
replication, as they contain the replicative intermediate dsRNA and
necessary replication components RdRp and VPg. Bioinformatics
analysis shows that RdRps of almost all the norovirus genogroups
have a high propensity to form LLPS (fig. S12), suggesting that LLPS
formation by RdRp may be a common phenomenon in the Noro-
virus genera.

Unique aspects of HuNoV GIl.4 RdRp-induced LLPS—
Initiating a hub for viral replication

Typically, cellular or viral proteins require additional client pro-
teins, crowding agents, or RNA to phase separate under physio-
logical conditions. For example, up to 50 pM of the SARS-CoV-2
N protein does not phase separate, but adding 1 pM poly U pro-
motes the phase separation (23). Similarly, 35 pM NSP5 of rotavi-
rus does not phase separate by itself, but requires the presence of
NSP2 or poly-arginine for phase separation (17). In contrast,
GII.4 RdRp does not require any other viral protein or RNA for
phase separation. It can phase separate at 5 pM by itself and at
500 nM by adding a molecular crowding agent. Another interesting
result, which may have implications for viral replication, is that
RdRp undergoes LLPS at pH values ranging from 5 to 9. In addi-
tion, at pH 5, the minimum concentration of RdRp to form LLPS
is reduced from 5 pM to 500 nM. This property may be of rele-
vance, considering that virus infection can alter the intracellular
pH (50-52). The ability of RdRp to readily induce LLPS under
various protein concentrations and buffer conditions while re-
maining enzymatically active supports the idea that, during viral
infection, it likely initiates the formation of a sustainable platform
for efficient replication.
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HuNoV RFs as liquid-like condensates

Our experiments in HuNoV-infected HIEs strongly suggest that the
condensates observed during viral infection with liquid-like proper-
ties are the sites for viral replication as both the replicative interme-
diate dsRNA and the viral nonstructural protein VPg colocalize with
RdRp in these condensates. VPg is a critical protein involved in viral
replication and translation of viral proteins. A recent study on mu-
rine NoV suggested that apart from its priming function, VPg can
physically interact with RdRp and enhance its polymerization ac-
tivity (44).

A question that has to be considered while discussing the RFs
as phase-separated condensates in positive-sense RNA viruses is
whether they are associated with the membrane or membrane com-
ponents. Although not unequivocally demonstrated (64, 65), earlier
studies on picorna-like viruses (66) and murine noroviruses have
suggested that RFs are associated with intracellular membranes and
vesicular structures (18, 58-60). The formation of a condensate as a
potential hub or a driving force for forming the RFs does not exclude
the incorporation or the association of membrane-anchored proteins
and lipids. Recent studies have implied that such an association could
reduce the critical concentration for inducing LLPS and further for
forming microdomains within the membrane-associated condensates
(67-69). Our studies with membrane markers in HuNoV-infected
HIEs show colocalization of RARp with the trans-Golgi marker galT
in the condensates. The markers for other membrane components
like cis/medial-Golgi (GM130), ER (calnexin), cis/medial-Golgi body
(Giantin), and lysosomes (LAMP1) show very little or no associa-
tion with RdRp in the condensates. In positive-sense RNA viruses,
particularly the picornavirus superfamily, the protein(s) involved in
the biogenesis of the RFs usually contain a domain that associates
with the membrane or interacts with another viral protein that anchors
it to a cellular membrane, thereby creating a vesicular (membrane-
associated) replication organelle (18, 19). Our results in HEK293T
cells show the sequestration of p41 (NS3), a membrane-anchored
protein with RNA helicase activity (61) to the RdRp condensates,
leading to the possibility that p41 acts as a bridge between RdRp and
the membranous component of replication complex. Further studies
are required to address the possible coexistence of phase-separated
condensates in the context of vesicular structures in the replication
of HuNoV and other picorna-like viruses.

A mechanism to resolve the

translation-replication conundrum?

The formation of the RFs via LLPS in positive-sense RNA viruses
may have a distinct advantage, as has been recently suggested (70).
In positive-sense RNA viruses, genomic RNA serves as the basis for
both translation by the ribosomes, which is processed from the 5’ to
the 3’ end, and replication by the RdRp from the 3’ to the 5" end.
These two processes running in opposite directions pose a conun-
drum for the replication of these viruses, as previously recognized
(71). The process of phase separation could provide an elegant solu-
tion for resolving this conflict by isolating the newly synthesized
RdRp capable of sequestering the replication components from in-
terfering with ribosomal translation. In the case of HuNoVs, RdRp,
as we suggest, triggers the biogenesis of phase-separated RFs;
however, in other positive-sense RNA viruses, it is quite possible
that another viral protein that is essential for replication could trig-
ger this process by undergoing LLPS, and then recruit the RdRp
into the condensates.
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Liquid-to-solid transition as a regulatory mechanism

Another common phenomenon of biomolecular condensates is the
transition from liquid to solid state over time. The FRAP analysis of
the GII.4 RdRp condensates over time shows a lower diffusion rate
of the RdRp molecules in the condensates. Consistent with this ob-
servation, TEM imaging of the RdRp incubated at 37°C overnight
demonstrated the formation of fibrils. These fibrils bind to amyloid-
specific dyes such as ThT and CR, indicating their amyloid-like na-
ture. A similar transition is also observed in virus-infected HIEs.
RdRps of several picornaviruses also form similar fibrillar structures
(72, 73), although whether they exhibit amyloid-like properties is
still unknown. We also observed that under these conditions, the en-
zymatic activity of RdRp is considerably reduced, supporting the
notion that the transition from liquid to solid state is plausibly a
mechanism for regulating replication. This could be the reason why
all of the puncta are not dissolved by 5% 1,6 HD, and do not show
colocalization of RdRp with dsRNA and VPg (Figs. 5B and 6), as
some of them may have transitioned to the solid-like phase. Another
possibility is that these amyloid-like fibrils may have a role in induc-
ing cell toxicity, as shown in the case of amyloid-like fibrils formed
by the NS11 protein of SARS-CoV-2 (74).

In summary, our study reveals a previously unknown property
of HuNoV RdRp in forming biomolecular condensates as platforms
for genome replication. In addition to exhibiting all the properties
for inducing the formation of LLPS in vitro, we have shown that RdRp
also readily undergoes LLPS in a cellular environment that resem-
bles the condensates observed in virus-infected HIEs strongly impli-
cating RdRp in initiating and sustaining the viral RFs during HuNoV
infection. Our bioinformatics analysis suggests that this indeed may
be a common phenomenon in most noroviruses. The implication
of RdRp in the biogenesis of RFs also opens new targets for de-
signing antivirals for HuNoV infections, which remains a serious
threat in children and immunocompromised patients. Formation
phase-separated condensates as replication hubs may perhaps be
a necessary mechanism in the positive-sense RNA viruses, wheth-
er initiated by the RdRp or other viral proteins, to effectively seg-
regate the otherwise conflicting translation and replication events.

MATERIALS AND METHODS

Cloning, expression, and purification of proteins
Codon-optimized RdRp and VPg genes of the HuNoV GIL.4 Sydney
strain (GenBank: AFV08794.1) were synthesized and cloned in the
pET28a vector for bacterial expression by Genscript U.S.A. Inc. with
an N-terminal 6x His-tag to aid in the purification of both proteins.
For mammalian expression of the HuNoV GII.4 Sydney strain (Gen-
Bank: AFV08794.1), RdRp was cloned with eGFP on the C terminus,
VPg with mCherry on the N terminus, and p41 with iRFP on the N
terminus in pcDNA3.1(4) by Genscript US.A. Inc. The N-terminal
truncation, i.e., GI1.4 RdRp-NA5I, for bacterial expression was also
generated by Genscript U.S.A. Inc. For the overexpression of proteins,
the plasmids containing the desired genes were transformed into
Escherichia coli BL21 (DE3) cells. Protein expression was induced by
the addition of 0.3 mM isopropyl p-p-1-thiogalactopyranoside at
ODgo (optical density at 600 nm) ~0.6. Cells were allowed to express
the protein at 18°C for 16 hours with constant shaking at 200 rpm.
Cells were harvested by centrifugation at 4000g for 30 min at 4°C and
the pellet was resuspended in lysis buffer (20 mM tris-HCI, pH 7.5,
250 mM NaCl, 5 mM imidazole, benzonase nuclease, and a cocktail of
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protease inhibitors) followed by cell disruption using a microfluidizer.
The supernatant was collected after centrifugation at 18,000g for
45 min at 4°C. The protein was purified by affinity chromatography
using Ni-NTA agarose (Qiagen) resin followed by His-tag cleavage by
Tobacco etch virus protease and gel filtration using Superdex 200
Increase 10/300 GL column (G.E. Healthcare) in 20 mM tris-HCI,
pH 7.5, 150 mM NaCl, and 2 mM dithiothreitol (DTT). All the target
proteins GII.4 RdRp, GII.4 RdRp-NA51, and GII.4 VPg were purified
using the above-mentioned protocol to a purity of >95% as judged by
SDS-polyacrylamide gel electrophoresis and Coomassie blue stain.

Analytical ultracentrifugation

AUC experiments were carried out as previously described (75) with
minor modifications. Briefly, sedimentation velocity experiments of
10 pM GII.4 RdRp at pH 5.5, 7.5, and 9.0 were carried out using a
Beckman-Coulter XL-A analytical ultracentrifuge with a TiAn60
eight-hole rotor and two-channel epon centerpieces (12 mm) at
40,000 rpm at 22°C. Absorbance scans were recorded at 280 nm at
1-min intervals. Experiments were carried out three times.

Protein crystallization

Crystallization screenings for GII.4 RdRp (10 mg/ml) were carried
out by hanging-drop vapor diffusion using the Mosquito crystalli-
zation robot (TTP LabTech) and imaged using Rock Imager (For-
mulatrix) at 20°C. The protein was crystallized under the following
conditions: 0.3 M sodium iodide, 0.1 M sodium acetate: HCI,
pH 4.5, 22.5% (v/v) PurePEGs Cocktail. Crystals were flash frozen
directly in liquid nitrogen.

Structure determination and refinement

X-ray diffraction data for GII.4 RdRp were collected on APS
beamlinel7-ID. Diffraction data were processed with IMOSFLM as
implemented in the CCP4 suite (76). The structure of NV RdRP (PDB
ID: 4LQ3) was used as a search model for MR using PHASER. The
atomic model, including the side-chain atoms, was then subjected to
iterative cycles of refinement using PHENIX and further model building
using COOT based on the difference maps (77, 78). Data collection and
refinement statistics following the final refinement cycle are given
in table S1.

SEC-SAXS data collection and processing

The SEC-SAXS data for HuNoV GII.4 RdRp (5 mg/ml, monomer)
was collected at the SIBYLS beamline 12.3.1 at the Advanced Light
Source facility. The x-ray wavelength was fixed to A = 1.127 A, and the
distance between the sample and the detector was set to 2100 mm,
resulting in scattering vectors (q) spanning from 0.01 to 0.4 AL
RdRp (60 pl) sample was prepared in running buffer composed of
20 mM Hepes at pH 7.5, 150 mM NaCl, and 0.1% p-mercaptoethanol.
The Shodex KW803 column was equilibrated with the same running
buffer, running at a flow rate of 0.5 ml/min. Each sample, consisting of
55 pl, was injected into the SEC column, and x-ray exposures lasting
3 s were continuously recorded for over 30 min. Buffer subtraction
was performed using SCATTER (https://bl1231.als.Ibl.gov/scatter/),
and the resulting curves were merged for subsequent Guinier analysis,
dimensionless Kratky plots, and P(r) plot computations.

Solution structure modeling
The crystal structure of RARp (PDB ID: 8TUF) was used as a template
for rigid body modeling. Minimal molecular dynamics simulations
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were performed on the flexible N-terminal regions within the
structure to investigate the conformational space adopted by RdRp
using BILBOMD (47). This approach involved storing a single
conformational state approximately every 100 ps, yielding a total
0f 10,000 conformers varying in Rg and Dy values for subsequent
SAXS fitting and multistate validation (79). Initially, scattering
profiles from all 10,000 models were computed, followed by ge-
netic algorithm-selection operations to refine the selection to the
most suitable models. Finally, experimental scattering profiles
from each construct were compared with theoretical scattering
profiles of the chosen atomistic models generated by BILBOMD,
using FOXS (80).

Light scattering measurements

Light scattering measurements of GII.4 RdRp were carried out on a
FlexStation3 plate reader (Molecular Devices) using a 96-well flat
bottom plate (Fisher Scientific) by measuring absorbance at 350 nm
at 37°C at a regular interval of 2 min. Different concentrations of
GIL4 RdRp (0.5, 1, 5, 10, and 25 pM) were screened at varying con-
centrations of PEG-3350 (0, 5, 10, and 20%), pH (5.0, 6.0, 7.5, and
9.0) and salt (NaCl) (0, 150, 300, 500, and 750 mM). Experiments
were carried out three times.

Fluorescence labeling of proteins

For microscopic visualization of condensates, GII.4 RdRp and
GIL.4 RdRp-NA51were labeled with Atto 488 and GIIL.4 VPg was
labeled with Atto 647N dye. For labeling, an Atto 488 protein la-
beling kit (Sigma-Aldrich, 38371) and an Atto 647N protein label-
ing kit (Sigma-Aldrich, 76508) were used. The manufacturer’s
provided protocol was used. Briefly, RdRp (8 mg/ml), RdRp-
NAS51, and VPg (6 mg/ml) were dialyzed in sodium bicarbonate
buffer solution, pH 9.5 (provided with kit). Then, the protein solu-
tion was transferred to a vial containing the reactive dye dissolved
in 20 pl of sodium bicarbonate buffer and incubated the reaction
mixture for 2 hours at room temperature while gently stirring and
protecting the vial from light. For the separation of protein-dye
conjugates from free dye, the manufacturer’s provided gel filtration
columns were used to achieve good separation of the protein-dye
conjugates from the excess free dye (size exclusion limit: 5 kDa).
The protein-dye conjugates were eluted in phosphate buffer,
pH 7.5, provided with the kit.

Confocal microscopy

Protein mixtures of 1% labeled and 99% unlabeled proteins were
made at a concentration of 10 pM. An aliquot (15 pl) of the protein
mixture was spotted onto 15-mm depression slides and sandwiched
with an 18-mm coverslip followed by sealing of the edges of the cov-
erslip with commercially available nail polish and allowed to phase
separate at 37°C for 45 min. The condensates were visualized by
Nikon A1R-s confocal microscope with 40X air objective and 1 Airy
unit aperture.

Different concentrations of GII.4 RdRp (0.5, 1, 5, 10, and 25 pM)
were screened at varying concentrations of PEG-3350 (0, 5, 10,
and 20%), pH values (5.0, 6.0, 7.5, and 9.0), and salt (NaCl) con-
centrations (0, 150, 300, 500, and 750 mM) using a Yokogawa
CV8000 high-throughput spinning confocal imaging platform
with 60X/1.0 water immersion objective lens. Four fields of views
with multiple Z planes were captured. Experiments were carried
out three times.
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Far-UV circular dichroism measurements

Far-UV circular dichroism (CD) measurements of RdRp and RdRp-
NAS51 were carried out using Circular Dichroism Spectroscopy (J-1500,
Jasco), using a 1-mm path-length quartz cuvette. Data were recorded
using a final protein concentration of 8 pM proteins in 20 mM sodium
phosphate buffer, pH 7.5. The spectra were averaged over three scans
and were blank subtracted. The spectra were then processed using
Spectra Manager CDPro (Jasco) and plotted using Origin 2018.

Negative-stain TEM

GIIL.4 RdRp (10 pM, 50 pl) was incubated at 37°C at a constant shaking
at 200 rpm for 20 s after every 2 min for a period of 12 hours. For pre-
paring negatively stained grids, 3 pl of the GI1.4 RdRp (diluted 10 times)
was adsorbed onto a glow-discharged grid carbon-coated grid (CF200-
CU; EMS) for 60 s. The grid was blotted with Whatman’s filter paper
541 and washed twice with deionized water with intermittent blotting.
The grid was further stained with three drops of 2% uranyl acetate with
intermittent blotting to remove the residual stain. The grids were air
dried and imaged at room temperature using a JEM 2100 transmission
electron microscope operated at 200 keV (JEOL) equipped with a LaB6
filament, 3kx4k Direct Electron Detector (DE12), and a Gatan 4kx4k
CCD (charge-coupled device) at the cryo-EM core facility, Baylor
College of Medicine. The images were recorded at 15k using a low-
dose procedure and a defocus range of —1 to —4 pm.

GIll.4 HuNoV infection of HIE monolayers

Five-day differentiated monolayers were infected with 1 x 10” GE
of GII.4 stool filtrate (TCH 12-580 or BCM 16-2) in CMGF(-) for
1 hour at 37°C. After washing two times with CMGF(—), the HIEs
were incubated at 37°C for different time points (8 to 20 hours). The
cells were fixed with 100% chilled methanol for 20 min at room tem-
perature. The cells were incubated with 1:150 dilution of rabbit anti-
RdRp (81) in 5% bovine serum albumin (BSA) phosphate-buffered
saline (PBS) at 4°C overnight. The cells were washed three times
with PBS containing 0.1% Triton X-100 and incubated with goat
anti-rabbit 488 (no. A-11008, Thermo Fisher Scientific) overnight at
4°C to visualize the viral proteins. The cells were washed three times,
and the nuclei were stained with 4,6-diamidino-2-phenylindole
(300 nM) followed by subsequent Z-stack images captured using
a Nikon A1 confocal microscope. For treatment with 1,6 HD, the
cells, after 20 hours of infection, were treated with 5% 1,6 HD, which
was added to the cell culture medium for 5 min and fixed with 100%
chilled methanol as described above. The cells were incubated with
1:150 dilution of rabbit anti-RdRp (81) and 1:500 dilution of guinea
pig VPlantibody in 5% BSA PBS at 4°C overnight and washed and
imaged as described above. For the dual leveling experiment of
RdRp with dsRNA, VPg, and membrane components, the antibodies
used are mouse anti-dsRNA (Millipore Sigma), anti-VPg (in-house
produced), anti-GalT (Abcam), anti-GM130 (Abcam), anti-calnexin
(Abcam), anti-Giantin, and anti-LAMP1(Santa Cruz Biotechnology).
For ThS staining, the cells were incubated with 0.05% ThS (dissolved
in 50% ethanol/water) for 15 min at room temperature after the sec-
ondary antibody treatment. The cells were washed twice with etha-
nol in water for 20 min.

Mammalian cell line, expression, and treatment with
aliphatic alcohols

HEK293T (ATCC, CRL-3216) (2 X 10° cells per well) were seeded in
p-Slide 8-well glass-bottom plates (Ibidi) in Dulbecco’s modified
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Eagle’s medium (DMEM) and incubated at 37°C for 24 hours. Cells
were then transfected with respective plasmids and incubated at
37°C. After 24 hours, the cells were stained with Hoechst 33342 di-
luted in FluoroBRITE DMEM at a concentration of 1 mg/ml and
incubated for 30 min at 37°C. For treatment with 1,6 HD and PG,
live-cell imaging of eGFP-RdRp-transfected HEK293T cells was per-
formed after 24 hours using confocal microscopy. After imaging a
suitable area for condensates, the medium was replaced with Fluoro-
BRITE DMEM supplemented with 5% 1,6 HD or 5% PG. The imag-
ing was continued in the same area, observing for dissolution of
condensates for 5 min. The medium was again replaced with Fluoro-
BRITE DMEM without the respective aliphatic alcohols to observe
the recurrence of the condensates in the same area. Experiments
were carried out three times.

Fluorescence recovery after photobleaching

FRAP studies were performed using a laser scanning confocal mi-
croscope (Nicon-A1R-s) with a 40X air objective. A circular area
encompassing an entire condensate was bleached with a 404-nm
laser (100%) for 20 iterations and recovery was recorded for 300 s at
10-s intervals. For in vitro FRAP study, 15 pl of RdRp (10 pM) was
spotted onto 15-mm depression slides and sandwiched with an 18-mm
coverslip followed by sealing of the edges of the coverslip with
commercially available nail polish and allowed to phase separate at
37°C. After droplet formation was confirmed, the slides containing
the condensates were subjected to FRAP experiments at various time
points as indicated in the respective sections. For live-cell FRAP, the
bleaching of the region of interest was performed at 70% laser pow-
er for 20 iterations and recovery was recorded for 500 s at 15-s inter-
vals. The images were corrected for laser bleaching by selecting a
fluorescent region outside the ROIL

Estimation of light phase and dense phase concentration

The concentrations of the dense phase and light phase were estimated
using centrifugation by following a previously described protocol
(56). For dense phase concentration estimation, 100 pl of RdRp
(10 pM) was incubated at 37°C for 45 min and centrifuged at ~25,000g
at 37°C for 15 min. After carefully removing the supernatant in sev-
eral steps, the pure dense phase (~2 pl) was resuspended in 100 pl of
the denaturation buffer (6 M guanidine hydrochloride and 20 mM
sodium phosphate). The absorbance at 280 nm was recorded using
nanodrop. The light phase concentration was estimated from the
absorbance of the supernatant at 280 nm.

Fluorescence-based activity assay for Gll.4 RdRp

GII.4 RdRp activity was measured using a real-time fluorescence-
based assay, which uses SYTO9, a fluorescence dye that specifically
binds dsRNA but not ssRNA template molecules. Reactions were
performed in individual wells of black 96-well flat-bottom plates
(costar). The standard reaction contained GII.4 RdRp (monomer
or higher order oligomer, 1 pM), 20 mM tris-HCl, pH 7.5, 5 mM
MgCl,, 2.5 mM MnCl, polyC (40 pg/ml), 5 U RNaseOUT (Invitrogen),
and 0.25 pM SYTO9 (Sigma- Aldrich). The reaction was initiated by
the addition of 300 pM guanosine triphosphate, and the fluores-
cence was recorded every 2 min over 60 min at 30°C using a plate
reader, FlexStation 3 (Molecular Devices). For measuring the ac-
tivity of RdRp after incubation at 37°C, the incubated RdRp (10 pM)
was centrifuged at 20,000g for 20 min. The supernatant was removed,
and the pellet was mixed thoroughly, and activity was measured using
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the same protocol as described above. To measure the activity of
RdRp [Atto 647N-labeled RdRp (1%) and unlabeled RdRp (99%),
1 pM] in the condensates, the same reaction was set up in 96-well
glass bottom plates (Cellvis), and the fluorescence was recorded
every 20 min over 180 min at 37°C using a Yokogawa CV8000 high-
throughput spinning confocal imaging platform with 60x/1.0 water
immersion objective lens. Four fields of views with multiple Z planes
were captured.

ThT fluorescence assays

GIIL.4 RdRp (10 pM) was mixed with 10-fold molar excess of ThT and
fluorescence intensity was measured using an excitation wavelength
of 440 nm and an emission wavelength of 482 nm using a plate read-
er, FlexStation 3 (Molecular Devices) at a constant temperature of
37°C and readings were acquired every 2 min with continuous or-
bital shaking between reads over a period of 24 hours. The top of the
each well was sealed using adhesive tape to minimize the rate of
evaporation. Three independent experiments were performed in
triplicate and the bars represent the SD.

CR binding assay

CR dye solution was prepared by mixing dye (7 mg/ml) in 20 mM
tris-HCI, pH 7.5, and 150 mM NaCl and passed through a 0.22-pm
filter before use. The spectrum of CR (5 pl in 1 ml of 20 mM tris-
HCI, pH 7.5, 150 mM NaCl, and 5 mM DTT) was recorded between
400 and 700 nm at room temperature (negative control). RdRp
(10 uM) was incubated with CR for 12 hours at 37°C, and the spec-
trum was recorded between 400 and 700 nm in a plate reader, Flex-
Station 3 (Molecular Devices).
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