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Liquid–liquid phase separation underpins the
formation of replication factories in rotaviruses
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Abstract

RNA viruses induce the formation of subcellular organelles that
provide microenvironments conducive to their replication. Here we
show that replication factories of rotaviruses represent protein-
RNA condensates that are formed via liquid–liquid phase separa-
tion of the viroplasm-forming proteins NSP5 and rotavirus RNA
chaperone NSP2. Upon mixing, these proteins readily form conden-
sates at physiologically relevant low micromolar concentrations
achieved in the cytoplasm of virus-infected cells. Early infection
stage condensates could be reversibly dissolved by 1,6-hexanediol,
as well as propylene glycol that released rotavirus transcripts from
these condensates. During the early stages of infection, propylene
glycol treatments reduced viral replication and phosphorylation of
the condensate-forming protein NSP5. During late infection, these
condensates exhibited altered material properties and became
resistant to propylene glycol, coinciding with hyperphosphoryla-
tion of NSP5. Some aspects of the assembly of cytoplasmic rota-
virus replication factories mirror the formation of other
ribonucleoprotein granules. Such viral RNA-rich condensates that
support replication of multi-segmented genomes represent an
attractive target for developing novel therapeutic approaches.
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Introduction

To reproduce successfully, RNA viruses compartmentalise their

replicative enzymes within specialised organelles termed viral facto-

ries. These structures are viewed as virus assembly lines that

support viral replication by sequestering and concentrating cognate

nucleic acids and proteins. While most viral RNA replication

requires membrane-enclosed replication compartments, experimen-

tal evidence from recent studies (Nikolic et al, 2017; Heinrich et al,

2018; Alenquer et al, 2019; Guseva et al, 2020) suggests that liquid–
liquid phase separation (LLPS) may provide a simple solution for

the dynamic assembly of viral replication factories (Brangwynne et

al, 2015; Bergeron-Sandoval et al, 2016; Nott et al, 2016; Alberti,

2017; Wang et al, 2018; Alberti et al, 2019).

Liquid-liquid phase separation occurs when multivalent biopoly-

mers transiently interact to coalesce into a dense membraneless

condensate (Langdon & Gladfelter, 2018; Alberti et al, 2019; Roden

& Gladfelter, 2021). A hallmark of LLPS includes liquid-like proper-

ties of condensate droplets formed, e.g. sphericity, fusion and fis-

sion, followed by relaxation into a sphere (Banani et al, 2017). This

metastable state allows for rapid exchange with the surrounding

cellular milieu, and it enables biomolecules within condensates to

establish transient interactions (Banani et al, 2017). Over time, such

liquid-like condensates may form anisotropic hydrogels, fibrils and

non-fibrillar aggregates (Knowles et al, 2014), often associated with

post-translational modifications of the scaffold proteins that drive

the LLPS of the system (King et al, 2012). Strong expression levels

of protein scaffolds, such as those seen during viral infections, as

well as multiple post-translational modifications, e.g. phosphoryla-

tion, can drive LLPS of these proteins and their interaction clients

as soon as their solubility limit is reached (Banani et al, 2017;

Alberti et al, 2019). At this saturation concentration, the mixture

partitions into a highly concentrated, condensed phase, in which
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macromolecules engage in multivalent homo- or heterotypic inter-

actions that include regions of intrinsic disorder/low complexity

(Banani et al, 2017). Structural heterogeneity of such proteins

contributes to dynamic interaction networks that engage multiple

partners (Brangwynne et al, 2015) through a plethora of diverse

and transient interactions that do not confer rigid structural order

(Banani et al, 2017). These include short-range dipolar, π-π or π-
cation and long-range electrostatic interactions (Banani et al, 2017;

Wang et al, 2018) that can be perturbed, e.g. by treatments with

1,6-hexanediol, or by changing the ionic strength of the system

(Banani et al, 2017). Similarly, these protein–protein interactions

may promote ribonucleoprotein (RNP) granule formation, e.g.

stress granules or P-bodies, in which RNAs may additionally

provide scaffolds for multivalent RNA-binding proteins, connecting

individual RNPs to form higher-order assemblies (Wheeler et al,

2016; Van Treeck & Parker, 2018). Emerging experimental evidence

suggests that such biomolecular condensates comprising multiple

protein and RNAs may be organised into complex, multilayered

structures (Boeynaems et al, 2019; Hastings & Boeynaems, 2021;

Kaur et al, 2021).

Rotaviruses (RVs), a large group of human and animal double-

stranded RNA pathogens, replicate their genomes within cytoplas-

mic replication factories, termed viroplasms (Altenburg et al, 1980;

Silvestri et al, 2004; Patton et al, 2006). These cytoplasmic inclu-

sions can be detected by immunostaining against phosphoprotein

NSP5 and/or the RNA-binding protein NSP2 (Aponte et al, 1996;

Fabbretti et al, 1999; Silvestri et al, 2004; Contin et al, 2010; Criglar

et al, 2014; Papa et al, 2020a) as early as 2 h post-infection (Fab-

bretti et al, 1999; Eichwald et al, 2004, 2012). Electron microscopy

(EM) studies of RV-infected cells between 8 and 24 h post-infection

revealed electron-dense, membraneless cytoplasmic inclusions

containing NSP5 and NSP2, that are often surrounded by the newly

assembled double-layered particles entering the endoplasmic reticu-

lum (ER) via a poorly understood mechanism (Altenburg et al,

1980; Eichwald et al, 2018). The formation of early infection viro-

plasms requires co-expression of the Ser/Asp/Glu-rich acidic

protein NSP5 and a positively charged RNA chaperone NSP2 (Fab-

bretti et al, 1999; Eichwald et al, 2004; Silvestri et al, 2004; Papa

et al, 2020a) that appear to dynamically change their post-

translational modifications, e.g. phosphorylation and hyperphos-

phorylation of NSP5 (Poncet et al, 1997; Sen et al, 2006; Campagna

et al, 2007; Papa et al, 2020a), and potentially of NSP2 (Criglar

et al, 2018) over the course of infection. These events coincide with

the viroplasmic accumulation of eleven distinct types of the RV

transcripts, RNA polymerase VP1, and the core protein VP2, ulti-

mately resulting in their correct stoichiometric co-assembly and

RNA packaging (Patton & Chen, 1999; Patton & Spencer, 2000;

Silvestri et al, 2004; Lu et al, 2008; Trask et al, 2012). Thus, the

highly dynamic nature of viroplasms likely reflects their multi-

faceted roles in supporting all stages of RV assembly, from the

assortment of eleven distinct RV transcripts facilitated by NSP2

(Borodavka et al, 2017; Bravo et al, 2018; preprint: Bravo et al,

2021), to the final acquisition of additional protein layers to form

an infectious triple-layered particle during later stages of infection.

However, the earliest events leading to the formation of NSP5/

NSP2-rich viroplasms in RV-infected cells have remained elusive

due to the lack of understanding of their nature and tools to isolate

these highly dynamic cytoplasmic inclusions.

Here, we show that the assembly of rotavirus replication facto-

ries occurs via LLPS of the intrinsic disorder region (IDR)-rich scaf-

fold protein NSP5 and the RNA chaperone NSP2. We characterised

the phase behaviour of the NSP5/NSP2 condensates and mapped

out the phase boundary, at which they transition from a mixed one-

phase, to a two-phase state. We show that at later infection (> 8–
12 h) stage, viroplasms undergo a liquid-to-solid transition, losing

their sensitivity to propylene glycol applications, which significantly

reduced the virus titre when applied at concentrations sufficient to

reversibly dissolve viroplasms during early infection stages.

The emerging properties of these protein–RNA condensates in a

large family of dsRNA viruses are remarkably similar to those

emerging from multiple studies of membraneless ribonucleoprotein

(RNP) organelles, including processing (P) bodies and stress gran-

ules. Their capacity to rapidly and reversibly respond to external

stimuli amounts to a shift in our understanding of rotavirus replica-

tion, providing the basis for viewing these RNA–protein condensates

as an attractive target for developing novel antiviral therapeutics.

Results

Liquid-like properties of rotavirus replication factories

The dynamic nature of the RNA-rich viral cytoplasmic inclusions

previously termed “viroplasms” and their tendency to coalesce

(Eichwald et al, 2004, 2012) during rotavirus (RV) infection are

reminiscent of other cytoplasmic liquid-like ribonucleoprotein

cytosolic granules (Shin & Brangwynne, 2017). Such observations

have prompted us to further investigate the liquid-like properties

of viroplasms.

Previous reports demonstrated that the two viral proteins NSP5

and NSP2 constitute the bulk of viroplasms (Berois et al, 2003; Eich-

wald et al, 2004; Silvestri et al, 2004; Taraporewala et al, 2006;

Criglar et al, 2018). We used MA104 cell lines that fully support RV

replication, while expressing low levels of the C-terminally EGFP-

and mCherry-tagged NSP5 and NSP2, respectively (Eichwald et al,

2004; Papa et al, 2020a). In the absence of RV infection, both

protein fusions remain cytoplasmically dispersed. Upon RV infec-

tion, both cytosolic NSP2-mCherry (Papa et al, 2020a) and NSP5-

EGFP (Eichwald et al, 2012) re-localise into newly formed replica-

tion factories containing large quantities of NSP5 and NSP2, thus

making them suitable markers for live-cell imaging of these virus-

induced organelles (Fig 1A).

At 4 h post-infection (HPI), more than 90% of virus-infected

NSP5-EGFP or NSP2-mCherry-expressing cells produced NSP5-EGFP

or NSP2-mCherry-containing cytoplasmic granules, respectively. We

were able to observe fusion events between these granules, irrespec-

tive of the fusion fluorescent reporter protein used (Fig 1A), suggest-

ing that these inclusions may have liquid-like properties. Electron

microscopy analysis of the NSP5-EGFP cells infected with RVs

revealed electron-dense granules (Fig 1B), with double-layered

RNA-containing particles emerging from their surface, as previously

described for viroplasms (Altenburg et al, 1980; Petrie et al, 1984;

Eichwald et al, 2018) further confirming that the observed cytoplas-

mic inclusions represent genuine viral replication factories.

To further assess the liquid-like state of these granules, we

examined the dynamics of NSP5-EGFP in these droplets by
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photobleaching viroplasms during “early” (4 HPI) and “late” (12

HPI) infection, and measuring fluorescence recovery over time

(Fig 2A). Fluorescence recovery after photobleaching (FRAP) stud-

ies of the “early” viroplasms revealed a rapid (60–80 s) and

complete (95–100%) fluorescence recovery. The kinetics and recov-

ery percentage, however, decreased substantially for larger granules

observed during late infection stages (Fig 2B). The reduced FRAP

recovery rates of larger, less spherical viroplasms suggest changes

in their material state (i.e. characterised by slower exchange rates

between the dilute and dense phase of viroplasms) during late stage

of infection (Alberti et al, 2019).

As liquid-like properties of droplets are determined by their

surface tension (Brangwynne, 2011; Bergeron-Sandoval & Michnick,

2018), smaller liquid droplets coalesce and attain spherical shapes

with the lowest volume-to-surface area ratios. To investigate the

shape of viroplasms, we observed NSP5-EGFP-expressing RV-

infected cells, and we found that at 4 h post-infection these structures

are predominantly spherical (Fig 2C). Time-resolved confocal micro-

scopy of individual viroplasms (Materials and Methods) revealed that

the overall size of droplets per cell initially increased over course of

infection (Fig 2D), eventually decreasing due the constant de novo

formation of additional smaller droplets. In contrast, the calculated

sphericities of these inclusions decreased with time (Fig 2A and C),

suggesting loss of fluidity, consistent with the observed slower FRAP

recovery rates during late infection (Fig 2B).

We next examined the sensitivities of both early and late viro-

plasms towards the aliphatic alcohol 1,6-hexanediol (1,6HD), which

is commonly used as a chemical probe to differentiate between

liquid-like and gel-like states of membraneless organelles(Lin et al,

2016; Kroschwald et al, 2017). We exposed cells infected with rota-

viruses to 4% (v/v) 1,6HD added to cell culture medium. Immedi-

ately after application of the compound (< 30 s), early infection

viroplasms were completely dissolved (Fig 3A). When 1,6HD was

removed, NSP5-EGFP assemblies slowly reappeared, initially form-

ing smaller assemblies that eventually coalesced into larger viro-

plasms (Fig 3A and Movie EV1). In contrast, when treated with

1,6HD at 12 HPI, only a fraction of smaller viroplasms were

dissolved, while larger viroplasms remained unaffected (Fig 3A),

suggesting that they have undergone maturation (Patel et al, 2015),

consistent with the observed loss of their fluidity and slower FRAP

recovery rates. A brief (5 min) chemical cross-linking with 4% (v/v)

paraformaldehyde prior to the application of the aliphatic alcohol

also rendered the early infection (4 HPI) structures refractory to

1,6HD treatment (Fig EV1A). Collectively, these results suggest that

the assembly of viroplasms is driven by weak hydrophobic interac-

tions that can be stabilised by chemical cross-linking. Additionally,

we verified the 1,6HD sensitivity of viroplasms assembled in the

RV-infected cells producing NSP2-mCherry in lieu of NSP5-EGFP

(Fig EV1 and Movies EV2 and EV3). Irrespective of the protein

tagged (NSP5 or NSP2), or the fluorescent protein chosen, viro-

plasms responded similarly to the application of 1,6HD.

Early infection stage replication factories are dissolved by
aliphatic diols

We posited that related aliphatic diols with similar physicochemical

properties to 1,6HD (e.g. hydrophobicity and molecular weight), but

less toxic, might exert similar effects on viroplasms in cells. Using

our cell-based screening approach, we identified two low molecu-

lar weight aliphatic diols (1,2- and 1,3-propane diols; denoted as

1,2PD and 1,3PD, respectively) that also dissolved viroplasms in

RV-infected cells at 4 HPI (Fig 3B), albeit at higher concentrations

(4.5–4.7% v/v) compared to the longer chain diol 1,6HD. While 1,6-

hexanediol is toxic to cells (Kroschwald et al, 2017), 1,2-propane

diol, commonly known as propylene glycol (PG), is a generally

recognised safe compound and is well-tolerated by cells upon appli-

cation at lower (< 5% v/v) concentrations (Mochida & Gomyoda,

1987).

Since both intracellular protein concentration and protein tagging

may significantly affect the properties of the phase-separating

system (Alberti et al, 2019), we also carried out immunofluorescent

staining of wild type MA104 cells infected with wild type RV before

and after application of 1,6HD and a non-toxic PG (Fig EV1). Both

alcohols completely dissolved viroplasms, further corroborating that

the observed structures are formed via LLPS of NSP5 that accumu-

lates in the cytoplasm of RV-infected cells.

As a final test, we used a recombinant NSP5-deficient (knockout,

KO) rotavirus (Papa et al, 2020a) to infect three MA104 cell lines

that stably produce NSP5, NSP5-EGFP and NSP2-mCherry. Viro-

plasms were only observed in the cells producing untagged NSP5 as

soon as 4–8 HPI (Fig EV1). In contrast, no viroplasms were detected

in NSP2-mCherry and NSP5-EGFP cells, confirming that the

untagged NSP5 is the key protein that drives LLPS. Together with

our recent studies (Papa et al, 2020a), these results also suggest that

C-terminal tagging of NSP5 impairs its function and RV replication,

while not precluding NSP5-EGFP mixing with untagged NSP5/NSP2

condensates that are formed during RV infection.

Taken together, early infection stage viroplasms exhibit all the

hallmarks of a liquid state: they are spherical and they coalesce;

they exchange cytoplasmically dissolved proteins; they are rapidly

and reversibly dissolved by a number of aliphatic alcohols that

disrupt weak interactions that drive LLPS. Remarkably, aliphatic

diols solubilise smaller liquid-like viroplasms, while larger and more

irregularly shaped viroplasms did not dissolve in the presence of

these compounds.

Viroplasms are formed via LLPS of nonstructural proteins NSP5
and NSP2

To move towards a better understanding of phase separation of

viroplasm-forming proteins NSP5 and NSP2, and to directly demon-

strate their capacity to drive LLPS, we analysed their propensities

to undergo LLPS in vitro. Previously, N-terminal and C-terminal

◀ Figure 1. Liquid-like properties of the rotavirus replication factories.

A Dynamics of replication factories tagged with EGFP (NSP5-EGFP) and mCherry (NSP2-mCherry) visualised in MA104-NSP5-EGFP and MA104-NSP2-mCherry rotavirus-
infected cell lines. Live-cell confocal images (4–16 min) acquired after 4 h post-infection (HPI). Scale bars, 5 µm.

B Representative electron micrograph of a viroplasm (V) formed in NSP5-EGFP cells infected with rotaviruses 8 h post-infection. Inset—double-layered particles
emerging from the surface of a viroplasm. Scale bar = 300 nm.
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tagging of NSP5 had been shown to affect formation of viroplasm-

like inclusions (Fabbretti et al, 1999), while C-terminal His-tagging

of NSP2 does not affect their assembly (preprint: Bravo et al, 2020).

We therefore examined recombinantly expressed untagged NSP5

(Fig EV2) and a C-terminally His-tagged NSP2 (cHis-NSP2, see

Materials and Methods). We also expressed an N-terminally His-

tagged NSP5 (N-His-NSP5) for labelling purposes in order to visu-

alise NSP5 by mixing the untagged NSP5 with the fluorescently

labelled His-tagged protein in 1:10 molar ratio (N-His-NSP5:NSP5),

as such terminal tagging does not affect partitioning of the labelled

N-His-NSP5 into the condensates containing NSP5/cHis-NSP2.

Circular dichroism analysis of NSP5 suggested that regions of

protein disorder contributed to almost 40% of the spectrum (Fig

EV2). Such intrinsically disordered regions commonly underpin

LLPS of scaffold proteins (Brangwynne, 2011; Wei et al, 2017; Wang

et al, 2018; Choi et al, 2020), commonly forming larger oligomers,

in agreement with the observed hydrodynamic radius of the oligo-

meric NSP5 (Fig EV2).

At physiological salt concentration (PBS, or ~ 150 mM NaCl),

immediately (< 1 min) upon mixing of the untagged NSP5 protein

mixed with NSP5-647-labelled protein with Atto488-dye-labelled

NSP2 (5–10 µM each protein), multiple droplets were formed,

containing both labelled proteins. NSP5/NSP2 condensation was

salt-dependent (inhibition at 0.5 M NaCl, Fig EV3), suggesting elec-

trostatic contributions of charged residues in LLPS of these proteins.

Remarkably, NSP5/NSP2 droplets were dissolved in the presence of

4% (v/v) 1,6HD (Fig 4A, top panel), confirming that these struc-

tures represented NSP5/NSP2 condensates, in agreement with disso-

lution of viroplasms in the presence of 4% 1,6HD in vivo (Movies

EV1–EV3). Given the observed salt-dependency of NSP5/NSP2

A

B C D

Figure 2. Changes in liquid-like properties of viroplasms during the course of infection.

A Fluorescence recovery after photobleaching (FRAP) of EGFP-tagged replication factories after 4 HPI (early infection) and 12 HPI (late infection). Scale bar, 10 μm.
B Fluorescence Intensities after FRAP of EGFP-tagged replication factories after 4 HPI (blue) and 12 HPI (red) shown in (A). Each data point represents mean � SD

intensity values calculated for multiple NSP5-EGFP-tagged granules in 5 RV-infected cells.
C Sphericity of NSP5-EGFP-containing granules during RV infection. Each data point represents mean � SD sphericity values calculated for NSP5-EGFP-NSP5-tagged

granules in cells detected in 15 frames. Data were recorded for 320 min immediately after 4 HPI when multiple NSP5-EGFP granules could be detected in RV-infected
cells.

D Calculated volumes of NSP5-EGFP-tagged granules formed in RV-infected cells after 4 HPI as shown in (C). The mean values decrease due to de novo formation of
multiple smaller NSP5-EGFP granules that continuously assemble in cells between 4 HPI (t = 0 min) and 9 HPI (t = 300 min). The shaded area represents the 95%
confidence interval for each point.

Source data are available online for this figure.
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condensation, and the overall negative charge of NSP5 and the posi-

tive charge of NSP2 at physiological pH (pI ~ 5.1–5.5 and ~ 9 for

each protein, respectively), we also examined several polycations

(Boeynaems et al, 2019), e.g. poly-lysine on NSP5 condensation.

While 5 µM of poly-lysine did not trigger formation of droplets even

with 25 µM NSP5, multiple smaller droplets formed at 75 µM NSP5

(Fig EV3). Since lysine lacks a π cloud, we also tested poly-arginine

(polyArg) capable of contributing to cation-π driven condensation

by engaging with aromatic residues (Hastings & Boeynaems, 2021)

of NSP5. Excitingly, polyArg (5 µM) was highly efficient at trigger-

ing NSP5 condensation (10 µM NSP5, Fig 4A, middle panel), and

NSP5-polyArg condensates were partially sensitive to 1,6HD in

vitro. High salt concentration completely inhibited the formation of

polyArg/NSP5 droplets, further indicating electrostatic contributions

of the charged residues of NSP5 and polyArg in the formation of

condensates. As polyvalency plays an important role in driving

LLPS (Alberti et al, 2019), we also tested the effect of a 9-residue

arginine peptide (Arg-9). Despite its charge and chemical composi-

tion, Arg-9 peptide failed to promote condensation of NSP5 at simi-

lar concentration (0.2 mg/ml of the peptide corresponding to 5 µM
polyArg), revealing the critical role of polyvalency in condensation

of NSP5. Both proteins were homogeneous in isolation in the low

micromolar (10–20 µM) concentration regime (Fig 4A, bottom

panel). However, addition of a crowding agent (10% v/v PEG-20K)

promoted formation of NSP5 droplets, albeit at higher (> 35 µM)

NSP5 concentration, revealing that NSP5 can undergo LLPS in vitro.

In contrast, RNA chaperone NSP2 remained homogenous in solution

even in the presence of PEG-20K (Fig 4A, bottom panel).

To further characterise the phase behaviour of NSP5/NSP2

condensates, we generated phase diagrams for these protein mixtures

alone and in the presence of 1,6HD. Using high-throughput droplet

microfluidics (Fig EV3), we obtained phase diagrams for a range of

NSP5 and NSP2 concentrations (Figs 4B, EV3 and EV4), revealing

coacervation of the proteins occurred in the low micromolar regime.

NSP5/NSP2 protein mixtures remained homogenous in the presence

of 4% (v/v) 1,6HD, with a detectable change in the phase separation

behaviour observed even at lower 1,5% (v/v) 1,6HD concentration,

consistent with the observed instant solubilisation of viroplasms in

cells the presence 1,6HD. Quantitative NSP5 expression analysis of

RV-infected cells at 2, 4 and 6 HPI reveal that during the RV infection

(Materials and Methods), intracellular NSP5 concentration varies

between ~ 0.4–10 µM (Figs 4C and EV5). Thus, the observed LLPS of

NSP5 and NSP2 occurring in the low micromolar regime in vitro reca-

pitulates low µM concentrations of NSP5 required for viroplasm

formation in vivo, further providing strong evidence for LLPS-driven

formation of viroplasms (Alberti et al, 2019).

To dissect the sequence features of NSP5 that drive its phase

separation, we employed our recently developed machine learning

approach termed DeePhase (Saar et al, 2021) to identify the LLPS-

prone regions. The overall DeePhase score of 0.61 indicated that

NSP5 meets the criteria of a phase-separating protein, i.e. DeePhase

score of > 0.5. In contrast, the global DeePhase score of NSP2 of 0.2

suggested that this RNA chaperone has low propensity to drive

phase separation. Further sequence analysis of NSP5 with a moving

average of 30 amino acid residues revealed several regions with

high propensity to drive phase separation, i.e. LLPS score > 0.5

(Fig 5A). Remarkably, these LLPS-prone regions overlapped with

the two sections of NSP5 previously shown to be crucial for

viroplasm-like structure assembly with NSP2 (Eichwald et al, 2004;

Fig 5A, regions highlighted in green). One of these regions

contained multiple negatively charged residues (Fig 5B, C-terminal

negatively charged residues shown in blue), previously proposed to

interact with the surface-exposed positively charged residues of

NSP2 (Jiang et al, 2006). Given the opposite charges of these

proteins, and the observed ionic strength-dependent inhibition of

their phase separation (Figs 4A and EV3), NSP5/NSP2 coacervation

is likely driven by electrostatic, cation-π, and hydrophobic interac-

tions that are sensitive to aliphatic diols, e.g. 1,6HD.

To further characterise disordered regions of NSP5, we carried

out in silico analyses using the recently developed predictor of

protein disorder flDPnn (Hu et al, 2021), whose predictions have

recently outperformed most existing tools based on the recent Criti-

cal Assessment of Intrinsic Disorder (CAID) prediction. FlDPnn

revealed that NSP5 has high propensity for disorder, in agreement

with our CD spectral analysis (Fig EV2). While previous attempts

to obtain high-resolution diffraction data for NSP5 were unsuccess-

ful, we also took advantage of the recently developed neural

network-based AlphaFold2 structure modelling approach (Jumper

et al, 2021). Excitingly, all NSP5 structure models generated by

Alphafold2 contained an extended C-terminal helix located within

the C-terminal region (CTR), previously shown to be responsible

for NSP5 oligomerisation (Fig 5D, highlighted in red). Since

oligomerisation of scaffold proteins contributes to the multivalency

of weak interactions driving LLPS, it is commonly associated with

phase separation (Brangwynne et al, 2015; Banani et al, 2017; Shin

& Brangwynne, 2017; Alberti et al, 2019). We therefore examined

the phase separation behaviour of the C-terminal truncation mutant

of NSP5 (NSP5-ΔCTR) that lacks the last 18 amino acid residues

(Materials and Methods and Fig. EV2), failing to form decamers in

solution (Martin et al, 2011). This mutant exists as a mixture of

dimers and monomers that retain their capacity to interact with

NSP2, yet incapable of forming viral inclusions (Martin et al, 2011)

resulting in abrogation of rotavirus replication (Papa et al, 2020a).

In contrast to its full-length counterpart, NSP5-ΔCTR did not form

NSP5/NSP2 droplets in vitro. Despite retaining its C-terminal nega-

tively charged residues, this mutant also failed to form droplets in

◀ Figure 3. 1,6-hexanediol treatments (1,6HD) differentiate early and late viral replication factories.

A Replication factories in MA104-NSP5-EGFP cells infected with RV at 4 HPI dissolve after > 30 s post-application of 4% (v/v) 1,6HD added to the cell culture medium
(middle panel). Removal of 1,6HD results reassembly of multiple EGFP-NSP5-containing droplets dispersed in the cytosol (right panel). Bottom, replication factories at
12 HPI: before application of 1,6HD (left), 2 min after application (middle) and 15 min after removal of 1,6HD from cell culture medium (left). Note larger viral
factories that remain refractory to 1,6HD treatment. Scale bar, 50 µm.

B Sensitivity of RV replication factories to aliphatic alcohols at 4 HPI. Left to right—1,6-hexanediol (1,6HD); 1,3-propylene diol (1,3PD); 1,2-propylene diol, or propylene
glycol (PG); glycerol (Gly); polyethylene glycol 200 (PEG200). Top panels— before application and bottom panels—1 min after application of these compounds (4.5%
v/v). Scale bar, 30 µm.
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the presence of poly-arginine or PEG-20K (Fig 5E, upper panel).

Crucially, non-oligomerising NSP5-ΔCTR retained its capacity to

partition into the preformed full-length NSP5/NSP2 condensates

(Fig 5E, bottom panel), revealing the essential role of the CTR for

phase separation of NSP5, irrespective of its heterotypic interac-

tions with NSP2.

Early viroplasms are biomolecular condensates enriched in RNAs

Given that viroplasms are viewed as sites of viral replication

(Silvestri et al, 2004; Patton et al, 2006) that accumulate rotavirus

transcripts where they may be remodelled by the RNA chaperone

NSP2 (Borodavka et al, 2017; Bravo et al, 2018; preprint: Bravo et al,

A

B C

Figure 4.
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2020), we examined how solubilisation of NSP5/NSP2 condensates

would affect their RNA composition in vivo. smFISH analysis of the

RV genomic segment 3 (Seg3) and segment 4 (Seg4) transcripts in

MA104-NSP5-EGFP cells confirmed that viroplasms contained both

RNAs at 4 HPI (Fig 6A, left). Treatment of RV-infected cells with

4.7% propylene glycol (PG) resulted in rapid disassembly of the

RNA-rich NSP5/NSP2 granules and re-localisation of the RV tran-

scripts into the cytoplasm (Fig 6A, middle). Removal of PG,

followed by 15 min recovery prior to fixing cells and carrying out

smFISH, revealed reassembly of smaller NSP5-EGFP granules

containing both Seg3 and Seg4 transcripts. Integrated intensity anal-

ysis of the RNA signals before and 15 min post-recovery after PG

treatment suggested that Seg3 and Seg4 RNA transcripts remained

intact upon viroplasm dissociation, consistent with rapid (15 min)

reformation of multiple RNA-rich granules when PG was removed

from cell culture medium (Fig. EV5). A fraction of viral transcripts

formed RNA clusters outside NSP5-EGFP granules (Fig 6A), also

after PG treatment, suggesting that viral transcripts assemble inde-

pendently of the ability of NSP5 and NSP2 to form condensates.

Moreover, after PG recovery, not all NSP5/NSP2 condensates were

equally enriched in RNAs, further corroborating viral RNA re-

distribution and exchange between these granules (Fig. EV5). Our

recent studies indicate that rotavirus RNA oligomerisation requires

NSP2 (Borodavka et al, 2017, 2018). The apparent affinity of NSP2

for RNA was identical in the presence of 4.7% PG (Fig 6B), con-

firming that addition of PG does not perturb the assembly of NSP2–
RNA complexes.

To further gain insights into the functional role of LLPS in viro-

plasm formation, we analysed RV replication in cells treated with

4.7% PG. We noticed that the apparent viability of MA104 cells

treated with PG concentrations above 4% (v/v) in cell culture

medium was compromised when cells were incubated for > 2 h.

We therefore initially examined viral replication in cells only briefly

exposed to 4.7% PG at 4 HPI, i.e., when viroplasms are highly abun-

dant and remain sensitive to PG. Surprisingly, despite complete

dissolution of viroplasms (Fig 6A), the overall viral titres measured

8 h post-exposure were not significantly affected (Fig 6C). Since

viroplasms rapidly reformed in the absence of PG (Fig 6A), we

concluded that the 15 min treatment was not sufficient to cause a

significant drop in viral replication. Since propylene glycol is gener-

ally recognised as safe, and it was previously reported to be toler-

ated by various cells at concentrations up to 7% (v/v) in cell culture

media (Mochida & Gomyoda, 1987), we attributed the observed

effect to the hyperosmolarity of the PG-containing medium. To be

able to carry out longer PG treatments, we subjected MA104 cells to

hyperosmotic loading with 2% PG added to cell culture medium

(Materials and Methods), in order to improve their passive volumet-

ric recovery exhibited under osmotic stress (Albro et al, 2009). After

at least three consecutive passages of cells under these hyperos-

motic conditions (800 mOsm/kg), PG-adapted MA104 cells were

infected with RVs (MOI = 10) for 1 h, followed by removal of the

unabsorbed virus. The infection was continued for 1 h prior to the

application of PG for specified periods of time, after which the virus

was harvested for quantification at 12 HPI. Remarkably, there was

no significant difference in the viral titres at 12 HPI under 2% PG

conditions compared to the PG-free control group (Fig 6D). Replica-

tion kinetics data revealed that in the presence of 2% PG, the virus

replicated slower, yet reaching similar titres as the control group

between 10 and 12 HPI (Fig. EV5). In contrast, application of 4.7%

PG resulted in significant > 200-fold viral titre reduction (Fig 6D)

compared to the 2% PG group, and ~ 800-fold reduction compared

to when PG was omitted. Since only early infection, liquid-like viro-

plasms are sensitive to PG, we also investigated whether the timing

of PG application is important for reducing the viral replication.

Remarkably, early application of PG (2–7 HPI) had significantly

more profound impact on RV replication (Fig 6E) compared to PG

application during later stage (7–12 HPI).

Since NSP5 phosphorylation is dependent on co-expression of

NSP2 (Fabbretti et al, 1999; Sen et al, 2006; Papa et al, 2020a) and

is crucial for RV replication, we then investigated whether disrup-

tion of NSP5/NSP2 condensates would have impact on its phospho-

rylation in vivo. Treatments with 4.7% PG resulted in the apparent

reduction of NSP5 hyperphosphorylation, notably when cells were

treated between 2 and 12 h. We also noted the reduction of NSP5

levels when cells were treated with 4.7% PG between 2 and 12 h, in

agreement with the observed reduction of viral titres. In contrast,

2% PG treatments did not reduce NSP5 hyperphosphorylation (Fig 6

F, higher MW bands corresponding to multiple phosphorylation

forms of NSP5). Remarkably, inhibition of cytosolic phosphatases

by okadaic acid restored hyperphosphorylation of NSP5 in the pres-

ence of 4.7% PG (Fig 6G) to the levels comparable to the untreated

or 2% PG-treated cells.

Despite the observed perturbation of the NSP5/NSP2 conden-

sates with aliphatic diols, our results suggest that NSP2–RNA
complexes did not dissociate under those conditions (Fig 6A and B).

This aspect of viroplasm formation remarkably resembles the

◀ Figure 4. Rotavirus NSP5 and NSP2 undergo phase separation.

A Recombinantly expressed, Atto 647-dye-labelled NSP5, Atto488-dye-labelled NSP2 and unlabelled NSP5 protein samples (see Materials and Methods) were used for
investigating their phase separation properties. All labelled protein samples were mixed with the unlabelled NSP5 (1:10 molar ratio) to minimise the effect of labelling
on LLPS. Top panel, left to right: NSP5-647/NSP2-488 droplets formed upon mixing of both proteins (10 μM each). Both channels are shown, along with an image of
both channels overlaid. 4% (v/v) 1,6-hexanediol (1,6HD) dissolves these condensates. Scale bar, 10 µm. Middle panel, left to right: NSP5-647 (50 μM) + poly-arginine
(polyArg, 5 μM); NSP5-polyArg condensate + 1,6HD; NSP5-polyArg condensates + 0.5 M NaCl; NSP5 + R9 peptide (Arg-9, 5 μM). Bottom row, left to right: NSP5-647
sample (35 μM) alone; after addition of 10% v/v PEG-20K; NSP2-488 (25 μM) alone; after addition of 10% v/v PEG-20K.

B Phase diagrams generated through droplet microfluidics for the coacervation of NSP2 and NSP5, in the presence of 0% v/v (left), 1.5% v/v (middle) and 4% v/v (right)
1,6HD. Phase diagrams were generated from N = 2,206, 2,035 and 1,470 data points for each 1,6-hexanediol concentrations, respectively, and the data were used to
construct the LLPS probability plots.

C The number of viroplasms (black y axis on the left) and estimated cytoplasmic NSP5 concentration ([NSP5] µM, blue y axis on the right) at 2, 4 and 6 h post-infection.
Viroplasms were counted in N = 595 � 85 cells for each time point, and intracellular NSP5 concentration was determined by quantitative Western blotting, as
described in Materials and Methods.

Source data are available online for this figure.
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formation of other complex ribonucleoprotein condensates, e.g.

paraspeckles, in which RNA foci did not dissociate in the presence

of aliphatic diols, despite the apparent dissolution of paraspeckles

(Yamazaki et al, 2018). We therefore characterised the RNA foci

formed in RV-infected cells during early infection using super-

resolution DNA-PAINT approach (Dai et al, 2016) combined with

smFISH. This super-resolution technique exploits transient binding

of fluorescent DNA probes (“imagers”) to complementary, RNA-

bound “docking” DNA strands (Fig 7A–C). At 4 HPI, Seg3 tran-

scripts could be detected as submicron-sized RNA clusters (Fig 7D),

similar to those seen in diffraction-limited images (Fig 6A). 3D

DNA-PAINT imaging of NSP2 condensates in RV-infected cells con-

firmed that early infection condensates contain only few viral tran-

scripts, suggesting that NSP5/NSP2 coacervation spontaneously

occurs during early RV infection, and it is not nucleated by the tran-

scribing viral particles present in cells.

Furthermore, 3D DNA-PAINT imaging of Seg3 RNA foci revealed

that as they increased, they became less spherical by 6 HPI (Fig 7E–
G), reflecting the overall decrease in sphericity of viroplasms during

late infection. Given the refractivity of the RNA foci to aliphatic

diols, and rapid (10–15 min) reformation of smaller condensates

upon removal of these compounds, it is possible that such viral

RNA aggregates could seed the nucleation of new NSP2/NSP5

condensates in cells (Garcia-Jove Navarro et al, 2019).

Taken together, these results confirm that early infection stage

viroplasms should be viewed as specialised liquid-like RNA-protein

granules (Lin et al, 2015; Khong et al, 2017; Van Treeck & Parker,

2018; Rhine et al, 2020) that support replication of a multi-

segmented RNA genome of rotaviruses.

Discussion

Biomolecular condensates have been shown to contain hundreds of

distinct molecular species (Ditlev et al, 2018), acting as membrane-

less protein-rich liquid condensates that selectively enrich biomole-

cules and can promote nucleic acid remodelling within (Nott et al,

2016). Despite complex and dynamic composition of condensates,

typically, only one or few proteins are required to form them (Ditlev

et al, 2018; Langdon & Gladfelter, 2018; Wang et al, 2018; Alberti et

al, 2019). Previous studies revealed protein composition of viro-

plasms, suggesting that these cytoplasmic inclusions are formed

when NSP5 is co-expressed with NSP2 (Fabbretti et al, 1999; Eich-

wald et al, 2004; Contin et al, 2010; Papa et al, 2020a) and/or the

viral capsid protein VP2, even in the absence of RV infection (Eich-

wald et al, 2004; Contin et al, 2010; Criglar et al, 2014, 2018; Butta-

fuoco et al, 2020). Here, we demonstrate that rotavirus viroplasms

represent condensates that are formed via phase separation of NSP5

and NSP2. During early infection, NSP5/NSP2-rich inclusions are

spherical, they fuse and relax into a sphere. Using recombinantly

expressed proteins NSP5/NSP2, we show that both proteins undergo

rapid condensation upon mixing at physiologically relevant, low μM
concentrations. These NSP5/NSP2 droplets were sensitive to a range

of aliphatic diols known to disrupt interactions that drive LLPS. Our

discovery that several aliphatic diols other than 1,6HD can rever-

sibly dissolve viroplasms in RV-infected cells reinforces the idea that

these inclusions represent condensates.

Given multiple lines of evidence demonstrating its indispensable

role in the formation of viroplasms (Poncet et al, 1997; Fabbretti

et al, 1999; Mohan et al, 2003; Eichwald et al, 2004; Papa et al,

2020a), we propose that NSP5 acts as a scaffold for LLPS. Our

DeePhase analysis of NSP5 and NSP2 reveals that globally, NSP5

has high propensity to form condensates, whereas its client NSP2

does not. Knocking out NSP5 abolishes formation of these structures

even when other viral proteins are present during infection (Papa

et al, 2020a; Fig EV1), while NSP5 co-expression with RV multiva-

lent RNA-binding proteins, e.g. NSP2 (Berois et al, 2003; Eichwald

et al, 2004), results in formation of such condensates. Our in vitro

data fully corroborate this idea, as only NSP5 can form condensates

in the presence of charged polymers and crowding agents, whereas

NSP2 does not. Moreover, we have shown that the C-terminal

region of NSP5 required for its oligomerisation is indispensable for

LLPS of NSP5, irrespective of NSP2. Furthermore, we have shown

that NSP5/NSP2 condensate formation does not require NSP5 phos-

phorylation, consistent with recent observations that NSP5/NSP2

RNA-containing viroplasms are formed by the phosphorylation-

deficient S67A mutant during infection (Papa et al, 2020a). Interest-

ingly, during late infection stages, S67A mutant produced large aber-

rant aggregates, suggesting that although NSP5 phosphorylation is

not required for its condensation and viroplasm formation, it must

play role in regulating their maturation as their protein and RNA

composition dynamically change during infection. Indeed, phospho-

rylation of condensate scaffolds that result in changes of their mate-

rial properties, or assembly pathways, is a common theme for many

membraneless organelles formed in cellulo and in vitro (Bah et al,

2015; Aumiller & Keating, 2016).

Remarkably, NSP5 is also capable of efficient condensation in

the presence of poly-arginine. Given multiple surface-exposed

◀ Figure 5. NSP5 drives of liquid–liquid phase separation required for viroplasm formation.

A DeePhase analysis of the phase-separating properties of NSP5 (regions with a score of > 0.5, i.e. above the dotted line, indicate residues with high LLPS potential).
CTR (amino acid residues 179–197) is highlighted in red. Note that the amino acid numbering represents an average score with a 30-residue sliding window, and not
individual residues. Green boxes highlight NSP5 regions previously shown to be essential for viroplasm-like structure formation when co-expressed with NSP2
(Eichwald et al, 2004).

B EMBOSS protein charge plot shown as an alternating blue (negatively charged) and red (positively charged) regions with a 30-residue sliding window.
C flDPnn Disorder Propensity Plot of NSP5. Regions with a score above the dotted line are predicted to be disordered.
D NSP5 model predicted using Alphafold2. Region 179–197 of the CTR within the predicted C-terminal alpha-helix is highlighted in red. (E) Top panel, left to right: NSP5-

ΔCTR labelled with Atto 647 (25 μM) incubated with unlabelled NSP2 (10 μM); NSP5-ΔCTR in the presence of 10% v/v PEG-20K; and with 5 μM of poly-arginine
(polyArg). Bottom panel: Atto 647-labelled NSP5-ΔCTR (5 μM) incubated with unlabelled NSP5 (25 μM) and Atto 488-labelled NSP2 (10 μM). NSP5/NSP2 droplets
containing labelled NSP2 (green) also contain NSP5-ΔCTR-Atto 647 (magenta), shown along with an image of both 488/647 channels overlaid. Scale bar, 10 µm.

Source data are available online for this figure.
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arginine residues of NSP2, and N-terminal Arg-rich motifs of VP2,

our observations offer interesting insights into why NSP5 may read-

ily form droplets with both NSP2 and VP2. Both NSP2 and VP2 are

multivalent, arginine-rich proteins. Condensation of NSP5 occurs in

the presence of low μM concentrations of poly-arginine, whereas

shorter arginine peptides were insufficient to produce droplets,

suggesting multivalency is a pre-requisite for condensation of NSP5.

However, since VP2 is notoriously difficult to maintain homoge-

neous in solution, in this study we only focussed on investigating

the physicochemical properties of condensates formed by NSP5 and

its major binding client NSP2.

Given the multivalent RNA- and NSP5-binding nature of NSP2,

the observed phase separation of these proteins at low micromolar

concentration is consistent with previous reports of their

aggregation-prone behaviour at higher micromolar concentrations

(Jiang et al, 2006; Borodavka et al, 2017). By exploring the phase

boundary using PhaseScan, we have shown that the degree of

NSP5/NSP2 coacervation is determined by the concentrations of

both interacting partners. Thus, our model predicts that the forma-

tion of discrete NSP5/NSP2 droplets should depend on intracellular

concentration of both proteins, the expression of which directly

correlates with the multiplicity of infection. Indeed, previous obser-

vations (Carrẽo-Torres et al, 2010) are entirely consistent with our

model, and we have shown that the number of viroplasms increases

in accord with NSP5 concentration during RV infection (Fig 4C).

Current views of viroplasm formation are dominated by the idea

of multiple viral proteins being recruited into these inclusions in a

specific order (Eichwald et al, 2004; Arnoldi et al, 2007; Criglar et al,

2014, 2018; Buttafuoco et al, 2020) resulting in a particular organisa-

tion (Garc�es Su�arez et al, 2019). Here, we propose a unifying model

for viroplasm assembly (Fig 8) that takes into account multiple

pieces of data gathered over decades and amounts to a step change

in our understanding of the replication factories in these viruses.

We propose that viroplasms represent condensates formed by

NSP5/NSP2. Initially, NSP5/NSP2 condensates exhibit liquid-like

behaviour; however, their material properties (e.g., fluidity) dynami-

cally change during infection, concomitant with changes in NSP5

phosphorylation (Poncet et al, 1997; Mohan et al, 2003; Sen et al,

2006; Sotelo et al, 2010; Criglar et al, 2014, 2018; Papa et al, 2020a).

Other factors, e.g. RNA:protein ratio, likely contribute to condensate

maturation (Garcia-Jove Navarro et al, 2019; Choi et al, 2020).

Viral RNA-binding proteins (e.g. viral RNA-dependent RNA poly-

merase, RdRP and a capping enzyme VP3, Fig 8) bind NSP5

(Arnoldi et al, 2007; Viskovska et al, 2014) and partition into these

condensates, yet not sufficient to form viroplasm-like structures on

their own, thus fulfilling the criteria of condensate clients (Ditlev

et al, 2018). Remarkably, the proposed mechanism of viroplasm

formation via LLPS is further corroborated by our recent observa-

tions that RV transcripts within these condensates can be targeted

by catalytically active Cas6 endonucleases produced as NSP5

fusions in rotavirus-infected cells (Papa et al, 2020b). Understand-

ing selectivity of biomolecular condensates will offer exciting oppor-

tunities for improved targeting of viral RNAs prior to their assembly

and packaging within these condensates. Furthermore, host compo-

nents, including lipid bilayers (Feng et al, 2019), microtubules

(Maucuer et al, 2018) and tubulin (King & Petry, 2020) can promote

nucleation of biomolecular condensates and spatially regulate the

kinetics of their formation in cells.

Thus, association of lipid droplets (Cheung et al, 2010; Crawford

& Desselberger, 2016), tubulin (Carrẽo-Torres et al, 2010; Criglar

et al, 2014) and potentially other cellular components with viro-

plasms at later stages of infection does not contradict our model of

LLPS-driven formation of viroplasms. The observed differences

between the early and late infection stage viroplasms (loss of fluid-

ity/refractivity to aliphatic diol treatments) are also consistent with

changes in material properties of condensates over time (Patel et al,

2015; Conicella et al, 2020; Ray et al, 2020). Given that multiple

droplets are formed within the same RV-infected cell (Fig 3A, 12

HPI), caution should be taken when interpreting their biochemical

and physical properties, as they may significantly differ between

◀ Figure 6. Rotavirus replication factories are RNA-protein condensates sensitive to propylene glycol.

A RV-infected MA-NSP5-EGFP cells at 6 HPI. NSP5-EGFP-tagged viral factories (green) are dissolved in the presence of 4.7% (v/v) propylene glycol (PG, middle). Viral
RNA-protein condensates rapidly reform (< 10 min) after replacing the PG-containing cell culture medium (PG removed, right). Seg3 (magenta) and Seg4 (cyan)
transcripts are detected by smFISH, and colocalising Seg3 and Seg4 RNA signals (white). Scale bars: 50 µm, zoomed-in regions: 10 µm.

B Binding of NSP2 to a fluorescently labelled 20-mer ssRNA in the presence of 4.7% propylene glycol (PG), measured by fluorescence anisotropy. Data points
represent mean anisotropy values � SD from three measurements (technical replicates, values normalised from 0 to 1).

C–E Effects of PG treatments on the viral production. PG-containing medium (2% or 4.7% PG), or standard cell culture medium, were applied to RV-infected cells (MOI
of 10) 2 HPI (1 h after virus absorption). (C) Viral titres (PFU/ml) of samples harvested at 11 HPI that were briefly (15 min) treated with 4.7% PG at 4 HPI (15’ PG),
and those of untreated RV-infected cells harvested at 11 HPI (control). Virus titres are expressed as mean � SD values estimated for four independent repeats and
were compared by a two-tailed Mann-Whitney test (no significant difference, P = 0.0857). (D) Rotavirus titres measured after 10 h of PG treatments. The 2% PG
treatment slightly lowered the titre compared to the control group (ns, P = 0.2282), while the 4.7% PG treatment significantly inhibited viral replication
(P = 0.0032). Reported viral titres represent mean � SD values estimated for four independent biological replicates. (E) Effects of PG treatments on virus
production at different infection points. 4.7% (v/v) PG was applied between 2 and 7 HPI (“early infection”) and then diluted to 2% between 7 and 11 HPI, or 4.7%
PG was applied between 7 and 11 HPI (“late infection”) and diluted prior to harvesting the virus. Each group was compared to the control group (10 h treatment
with 2% PG). Each group was compared to the control group (10 h treatment with 2% PG). Application of 4.7% PG for 5 h significantly reduced virus replication
(P = 0.0016) between 2 and 7 HPI compared to the control group. PG treatment between 7 and 12 HPI did not significantly reduce the viral titre compared to the
control group (P = 0.1141). Infectious titres represent mean � SD values estimated for four independent biological replicates. Statistical analyses were performed
using a Kruskal–Wallis test, followed by uncorrected Dunn’s multiple comparisons test (**P < 0.002).

F, G 4.7% PG treatment of RV-infected cells results in NSP5 dephosphorylation. (F) Western blot analysis of RV-infected cells harvested at 7 and 12 HPI, treated with 2%
or 4.7% PG at different infection time points indicated in the figure. Multiple phosphorylated forms of NSP5 can be seen as higher MW bands. Treatment with 4.7%
PG reduces phosphorylation, which is not perturbed in the presence of 2% PG. Treatments administered between 2 and 7 and 7–12 hpi reduce NSP5
phosphorylation, albeit to a considerably lower degree compared to the 2–12 hpi treatment. (G) Okadaic acid (5 μM) applied to 4.7% PG-treated infected cells
blocks NSP5 dephosphorylation restoring its phosphorylation pattern.

Source data are available online for this figure.
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◀ Figure 7. Super-resolution DNA-PAINT analysis of RV replication factories.

A DNA-labelling scheme of NSP2 for DNA-PAINT imaging. Low levels of SNAP-tagged NSP2 (a doughnut-shaped NSP2 octamer) are produced in a stable MA104 cell
line. A SNAP tag-reactive benzylguanine (BG) DNA derivative (P1 ssDNA docking strand) can form a stable thioether bond with NSP2-SNAP.

B Detection of NSP2-rich condensates formed in RV-infected cells using DNA-PAINT approach. Transient binding and dissociation of a Cy3B-dye-labelled ssDNA probe
P1* (complementary to ssDNA P1) generates blinking at the target sites (ON/OFF) used for stochastic super-resolution imaging.

C Schematics of smFISH/DNA-PAINT approach using orthogonal P2 ssDNA docking sites installed into Seg3-specific RNA FISH probes.
D A combined super-resolved image of NSP2-rich condensates (NSP2-SNAP in red) and Seg3 transcripts (cyan) in RV-infected cells 4 HPI. Scale bars = 2 μm (top),

500 nm (inset i, bottom).
E 3D DNA-PAINT analysis of Seg3 RNA foci in RV-infected cells at 4 and 6 HPI. Scale bars, 2 µm (left) and 200 nm (zoomed-in, right).
F, G Distribution of calculated volumes and sphericities of the Seg3 RNA-containing granules in RV-infected cells at 4 HPI (N = 704) and 6 hpi (N = 698), shown in (E).

Box plots represent the 25th/75th interquartile range, with whiskers representing the 5th/95th percentile values. Medians shown as central bands, and means shown
as squares. Symbol “x” denotes 1% and 99% percentile values, and min and max values are shown as “-.” At the 0.001 level, the two distributions are significantly
different between 4 and 6 hpi, assessed by the two-sample Kolmogorov-Smirnov test.

Source data are available online for this figure.

Figure 8. Proposed model of LLPS-driven formation of viral replication factories in rotaviruses.

Multivalent Asp/Glu- and Ser-rich protein NSP5 (pink) is a scaffold that recruits RNA chaperone NSP2 (cyan doughnut-shaped octamers), and other RNA-binding clients.
NSP5 and NSP2 undergo coacervation at low micromolar concentrations, forming protein droplets, also known as “viroplasm-like structures.” RV transcripts undergo
enrichment in these condensates via a mechanism distinct from other better characterised RNP granules. Mechanistically, this could be achieved via a specific protein-
RNA recognition, e.g. binding of the RNA-dependent RNA Polymerase (RdRP) VP1 that recognises a conserved sequence present in all RV transcripts. Such RNP complexes
are then absorbed into the NSP5/NSP2 condensates consistent with low nM affinity of VP1 for both NSP5 and NSP2 (Arnoldi et al, 2007; Viskovska et al, 2014). Other
similarly sized, non-viral transcripts (red), devoid of these proteins do not partition into viroplasms. Other multivalent RNA-binding proteins (RBPs), i.e. viral capping
enzyme (Pizarro et al, 1991), and NSP2 can also assist in partitioning of the RNP complexes into the NSP2/NSP5 condensates, which can be dissolved with aliphatic diols.
Upon NSP5/NSP2 condensation, NSP5 undergoes excessive phosphorylation (“hyperphosphorylation”), which can be also reversed by dissolving these condensates. Such
RNP condensates may promote RNA-RNA interactions by increasing cognate RNA concentration bound by the RNA chaperone NSP2, thus being conducive to the
assembly of eleven distinct transcripts required for packaging of a multi-segmented viral genome.
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individual condensates, whose molecular composition and organisa-

tion can dynamically change throughout the infection. Recent super-

resolution imaging studies of these organelles in RV-infected cells

proposed that distinct viral proteins are organised into multiple

concentric layers (Garc�es Su�arez et al, 2019). The proposed model

explains the relevance of these findings, as even very simple

condensates show characteristics of multilayered behaviour (Choi

et al, 2020). Distinct layers are likely to form via different molecular

interaction networks that lead to different viscoelastic properties,

such as those observed in nucleoli (Feric et al, 2016), P-granules

(Wei et al, 2017) and nuclear speckles (Fei et al, 2017).

Implications for selective RNA recruitment and RNA–RNA
interactions required for segmented genome assembly

Coacervation of viral RNA chaperone NSP2 (Borodavka et al, 2017,

2018; Bravo et al, 2018) associated with RV transcripts may acceler-

ate formation of inter-molecular interactions between the RNAs.

Molecular crowding, depletion attraction and a highly polar environ-

ment of the interior of membraneless organelles(Nott et al, 2016)

have all been shown to contribute to stabilisation of inter-molecular

RNA-RNA contacts (Marenduzzo et al, 2006; Nott et al, 2016; Van

Treeck & Parker, 2018), while promoting intra-molecular duplex

melting via interactions with multiple arginine side chains of NSP2

(Hu et al, 2012) that concentrate in the viroplasmic liquid phase.

Recent evidence argues that inter-molecular RNA–RNA interactions

play a role in forming and determining the composition of distinct

cytoplasmic, RNA-rich ribonucleoprotein granules (Lin et al, 2015;

Wheeler et al, 2016; Khong et al, 2017; Van Treeck & Parker, 2018;

Tauber et al, 2020). In addition, the interior of such membraneless

organelles could act as passive ATP-independent helicases that can

remodel nucleic acids and modulate RNA-templated virus particle

assembly within this environment (Nott et al, 2016).

Coalescence of multiple RNA-binding proteins and non-

translating mRNAs lacking fixed stoichiometry occurs during cellu-

lar stress, giving rise to stress granules (Wheeler et al, 2016). Simi-

larly, viroplasms accumulate non-polyadenylated, untranslated viral

transcripts and viral RNA-binding proteins. While stress granules

are highly enriched in poly(A)-binding proteins associated with

mRNAs, non-polyadenylated rotaviral transcripts are likely to be

bound by the viral RNA-dependent RNA polymerase (RdRP), previ-

ously reported to have nM affinity for both NSP2 and NSP5

(Viskovska et al, 2014; Fig 8). Similar condensates enriched in

RdRPs have been recently described in SARS-CoV2-infected cells

(Savastano et al, 2020). Interestingly, most viral condensates

reported to date have described phase separation of viral structural

proteins, i.e. those present in mature virus particles. These include

SARS-CoV2 N-protein (Iserman et al, 2020; Savastano et al, 2020),

measles virus (Milles et al, 2018; Guseva et al, 2020) and rabies

virus (Nikolic et al, 2017) N and P proteins, as well as N/P/L

proteins of a vesicular stomatitis virus (Heinrich et al, 2018), and

retroviral nucleocapsid proteins (Monette et al, 2020). In contrast,

non-structural proteins NSP5 and NSP2 are absent in rotavirions,

yet both proteins play essential roles during RV replication and viral

factory formation.

Recognition of early viroplasms as condensates nucleated by

NSP5/NSP2 interactions opens several interesting avenues for inves-

tigating their molecular selectivity and dynamic interactions with

other cellular organelles. The proposed model also poses many

outstanding questions regarding how condensate maturation regu-

lates viral replication, potentially in other segmented dsRNA

viruses, whose replication factories also exhibit liquid-like beha-

viour (Desmet et al, 2014; Campbell et al, 2020). LLPS-driven mech-

anism of viroplasm formation offers a unified model that explains

results from previous efforts (Papa et al, 2021), and demonstrates

the feasibility of modulating LLPS for future antiviral strategies

(Risso-Ballester et al, 2021).

Materials and Methods

Cells and viruses

Rotavirus A strains (Bovine rotavirus strain RF and simian rota-

virus SA11) were propagated as previously described (Arnold et al,

2012; Desselberger et al, 2013). All cell lines were maintained in

Dulbecco’s Modified Eagle Medium (DMEM, 4.5 g/l glucose,

supplemented with L-glutamine and sodium pyruvate, Sigma)

supplemented with 10% heat-inactivated foetal calf serum (Sigma)

at 37°C in the presence of 5% CO2. MA104) and its derivatives

MA-NSP2-mCherry and MA-NSP5-EGFP stable cell lines were

generated and maintained as described in refs. Eichwald et al

(2004), Papa et al (2020a). Lentiviral vector pAIP-NSP2-SNAP was

generated using a synthetic SNAP tag-coding DNA (GenPart,

Genscript) inserted into a double digested with MluI/EcoRI pAIP-

NSP2-mCherry vector (Papa et al, 2020a). MA104-NSP2-SNAP cell

line was then generated as previously described (Papa et al,

2020a). Briefly, 7 × 106 HEK293T cells were seeded in 10-

cm2 tissue culture dishes 24 h before transfection. For each well,

2.4 μg of pMD2-VSV-G, 4 μg of pMDLg pRRE, 1.8 μg of pRSV-Rev,

and 1.5 μg of pAIP-NSP2-SNAP DNA constructs were co-

transfected using Lipofectamine 3000 (Sigma-Aldrich) following the

manufacturer’s instructions. After 48 h, the virus was harvested,

filtered through a 0.45 mm polyvinylidene fluoride filter and imme-

diately stored at −80°C. For lentiviral transduction, MA104 cells

were transduced in six-well plates with 1.2 ml of the lentivirus-

containing supernatant for 2 days. Cells were then selected by

growing cells in DMEM supplemented with 10% FBS and puro-

mycin (5 μg/ml) for 4 days. NSP5 immunostaining with polyclonal

anti-NSP5 sera (Papa et al, 2020a) (1:1,000 dilution) was carried

out as described in (Papa et al, 2020a).

Hyperosmotic adaptation and propylene glycol treatment of cells

Hyperosmotic adaptation
MA104 (ATCC CRL-2378.1) cells were seeded into a T25 cm flask

(106 cells) in DMEM supplemented with 10% heat-inactivated FCS

(isosmotic medium). 14 h later, isosmotic medium was replaced

with hyperosmotic PG-containing medium (PGM: high glucose

DMEM, 10% FCS, supplemented with 2% (v/v) PG). Cells were

expanded under PG conditions for 72 h, after which they were

harvested and seeded at 1:5 of their density to allow them to grow

in the PGM medium. After 3–5 consecutive passages, PG-adapted

cells were seeded into 6-well plates. PG-adapted cells were washed

twice with FCS-free medium prior to infection with trypsin-activated

SA11 rotavirus.
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PG treatment of RV-infected cells
PG-adapted MA104 cells (0.5 × 106 cells) were seeded into 6-well

plates (Nunc 6-well plates, Thermo Fisher) 48 h prior to infection

with trypsin-activated RVA strain SA11 (MOI of 10). Seeding was

carried out in isosmotic medium, which was replaced with 2% (v/

v) PG-containing medium 24 h after seeding cells. Virus absorption

was carried out at 37°C for 1 h, after which RV-infected cells were

washed twice with FCS-free DMEM, followed by the application of

1 ml of fresh FCS-free pre-warmed DMEM medium. After 1 h of

incubation at 37°C (1 HPI), isosmotic medium was replaced with

either 2% PG-containing medium, or 4.7% propylene glycol diluted

in isosmotic FCS-free DMEM. Cells were returned into the CO2 incu-

bator for additional incubation periods as outlined in the Results

section prior to harvesting the virus samples for subsequent quanti-

tation. Virus-infected cells were frozen and thawed twice, and RV-

containing cell lysates were clarified by centrifugation (8,000 g for

10 min) and frozen for further analysis.

Virus titration
RV-containing clarified cell lysates were treated with 1 μg/ml of

porcine trypsin (Sigma) at 37°C for 30 min. Viral titres were assayed

using end-point dilution method. Briefly, lysate samples were seri-

ally diluted with serum-free DMEM culture medium supplemented

with 0.5 μg/ml of porcine trypsin, and serial dilutions of inoculum

were applied to confluent monolayers of MA104 cells seeded into

wells of 24-well plates. Wells were observed for signs of virus-

induced cytopathic effect (CPE) for 5 days after infection. Virus

titres were calculated following the Reed and Muench method with

calculated tissue culture infectious dose 50% (TCID50) converted to

plaque-forming units (PFU) using a conversion factor of 0.70 PFU/

TCID50 (Distefano et al, 1995).

Virus replication kinetics
Confluent PG-adapted MA104 cells grown on 9.6 cm2 dishes were

infected with RV at a MOI of 10. After 60 min adsorption at 37°C,
non-internalised virus particles were removed with a brief rinse

with 2 mM EGTA in PBS. RV-infected cells were incubated and peri-

odically harvested at 2, 4, 6, 8, 10 and 12 HPI. Virus-containing cell

lysates were prepared and harvested, as described above and stored

at −20°C.

Western blot analysis and NSP5 quantification

Protein samples and cell pellets were solubilised in Laemmli buffer,

heat-denatured at 98°C, and samples were resolved on 15% Tris-

glycine gels prior to transferring onto nitrocellulose membranes (Mil-

lipore, Bedford, MA). Membranes were blocked with PBS + 0.1%

Tween-20 (TBS) supplemented with 5% (v/v) skimmed milk (1 h),

followed by 1 h incubation with guinea pig NSP5-specific antibodies

(Papa et al, 2020a) diluted 1:2,500 in PBS containing 5% milk.

Membranes were then washed with TBS (three times, 5 min each)

and incubated with anti-guinea pig IgG (H + L) cross-adsorbed

secondary antibody (1:10,000; Invitrogen, #SA5-10100) and anti-

actin hFAB rhodamine antibody (1:2,500; Bio-Rad, #12004164) for

1 h prior to additional 3 washes with TBS. Fluorescent signals were

detected using the Bio-Rad ChemiDoc MP Imaging System

(DyLight800/Rhodamine filters chosen). Images were further

analysed using Image J software and quantified in Image Lab 6.1

(Bio-Rad). Cytoplasmic NSP5 concentration was estimated from the

quantitative Western blotting, by comparing integrated signal densi-

ties for NSP5 to those of known NSP5 standards (low loading concen-

tration of 25–100 ng/band to ensure a linear response), estimated

through the linear regression analysis of the intensities measured for

known NSP5 standards. Estimated NSP5 concentrations (ng/band)

were then converted into molar concentrations assuming the protein

concentration of 21.5 kDa and the loading volume of 10 μl of lysate
per lane. Given that 106 infected cells were lysed in 100 μl of Laemmli

buffer, and assuming the cytoplasmic volume of an epithelial cell

(Cercopithecus sp.) of ~ 2 pL (Fujioka et al, 2006).

Transmission electron microscopy (TEM)

MA-NSP5-EGFP cells were seeded at 1 × 106 cells in 6 cm2 wells

and infected at MOI of 10. 12 hpi, cells were fixed with 0.5%

glutaraldehyde in 200 mM sodium cacodylate buffer, pH 7.4, first

on ice for 5 min, then at room temperature for 25 min, and washed

3 times with 200 mM sodium cacodylate buffer. Samples then were

postfixed with 1% osmium tetroxide and 1.5% potassium ferro-

cyanide for 1 h at room temperature, washed with distilled water

and stained in 0.5% magnesium-uranyl acetate in water at 4°C over-

night. Cells were washed with distilled water and dehydrated in a

graded ethanol series starting at 70%, followed by two changes into

absolute alcohol, and embedded in Epon resin. Ultrathin sections

(70 nm) were cut parallel to the surface of the dish using a Leica

ultramicrotome. The sections were collected onto 50 mesh formvar

grids and stained with Reynold’s lead citrate for 30 s, washed with

water and air-dried. Samples were viewed with a FEI Tecnai G2 elec-

tron microscope with a Soft Imaging System Megaview III CCD

camera. Images were collected at 1,376 × 1,032 × 16 pixels using

AnalySIS version Docu software (Olympus Soft Imaging Solutions).

Image data acquisition

Confocal imaging was conducted on a Zeiss Cell Observer SD

inverted confocal microscope with a Yokogawa CSU-X1 spinning

disc unit from Zeiss (Jena, Germany), equipped with a 1.40 NA 63×
Plan apochromat oil immersion objective (Zeiss). Cell imaging was

carried out at 37°C. Fluorescence Recovery After Photobleaching

(FRAP) experiments were carried out with a 488 nm laser at 100%

intensity (148.3 μW) with 3,000 ms exposure time, and the recovery

was observed for 60 frames every 30 s. EGFP was imaged using a

488 nm laser at 20% intensity (36.9 μW) and 200 ms exposure time,

and mCherry was imaged with a 561 nm laser at 20% intensity

(29.2 μW) and 200 ms exposure time. Images recorded as z-stacks

consisted of either 10 or 50 frames, with a 0.5 µm distance between

them, depending on the sample. In the excitation path a quad-edge

dichroic beam splitter (FF410/504/582/669-Di01-25 × 36, Semrock)

was used. For two colour detection of EGFP and mCherry, a dichroic

mirror (660 nm, Semrock) and band-pass filters 525/50 and 690/60

(both Semrock) were used in the detection path. Separate images

for each fluorescence channel were acquired using two separate

electron multiplier charge-coupled devices (EMCCD) cameras (Pho-

tometrics EvolveTM). Image acquisition was controlled using the

Zeiss Zen (blue edition) 2011 Software (Zeiss). Widefield imaging

for smFISH was carried out using the Eclipse Ti-E inverted micro-

scope from Nikon (Tokyo, Japan). Images were acquired with a 0.7
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NA 60 × S Plan Fluor ELWD oil immersion objective from Nikon.

Measurements were performed at room temperature. A pE-4000 illu-

mination system (CoolLED) was used as light source. DAPI was

imaged using a 385 nm LED at 33% intensity and 55 ms exposure

time. EGFP and ATTO 488 were imaged using a 470 nm LED at 41%

intensity with 300 ms exposure time and 7% intensity with 55 ms

exposure time respectively. mCherry was imaged with a 550 nm

LED at 36% intensity and 300 ms exposure time. The light path was

regulated with a Dapi/FITC/Cy3/Cy5 Quad HC Filter Set (Semrock).

The images were acquired using a scientific complementary metal

oxide semiconductor (sCMOS) camera (Andor Technology). Image

acquisition was controlled using the NIS-Elements AR V.4.50 Soft-

ware (Nikon). Imaging of the in vitro condensates was carried out

using an ONI Nanoimager S microscope equipped with an Olympus

100× super apochromatic oil immersion objective (NA1.4). ONI

laser illumination system was used for dye excitation at 488 nm

(Atto488) and 641 nm (Atto 647N) with laser intensities set to 2%

(488 nm) and 7% (641 nm). Fluorescent signals were recorded with

a sCMOS camera with a pixel size of 0.117 µm. Images were

acquired over a field of view of the camera chip resulting in a total

imaging region of 50 µm × 80 µm. Exposure times were adjusted

accordingly to the signal intensity to avoid pixel saturation. Typical

exposure times were 33 ms for all channels. Images were recorded

consecutively for each channel, from the lowest to the highest

energy excitation wavelength.

Image data processing

The recorded images were processed in ImageJ (v.1.52p; Schindelin

et al, 2012). Data of the FRAP experiments were also analysed with

ImageJ. Distinct visible granules were selected manually as ROIs

before bleaching. The recovery curve over a time span of 13 min

(corresponding to 60 frames) was calculated for each ROI. The

displayed values are median intensities of five ROIs. Other parame-

ters, including fusion events, velocity or sphericity, were analysed

with Imaris (v 8.2.0, Bitplane, AG Zurich, Switzerland). Viroplasms

were marked as ROIs based on their size and high fluorescence

intensity. The centre of image mass R of the detected fluorescence

volume in each ROI was calculated with the voxel intensity mi, the

centre of a voxel ri and the sum of voxel intensities, M.

R¼ 1

M
∑

i∈ IsoSurface

miri

The coordinates of the centre of image mass of the ROIs were

tracked for the duration of the experiment. These values were used

to calculate velocity as change of the centre of image mass coordi-

nates between two frames divided by the frame time (4.9 min). 65

ROIs were observed over a time span of 5.2 h.

Sphericity Ψ was calculated as the ratio of the surface area of a

sphere with the same volume, as a given particle Vp, to the surface

area of the particle Ap.

Ψ¼ π
1
3 6Vp

� �2
3

AP

Mean sphericity values were calculated for 65 ROIs monitored for

EGFP-marked granules observed for over 6 h. Fusion events were

counted when two separate ROIs overlap and their volumes were

treated as a single volume. 1,037 ROIs were detected over 8 h. If not

stated otherwise, data points shown in figures represent mean values

averaged over all measured ROIs. Measurements were all performed

in biological triplicates. Further data plotting was carried out with

OriginPro (Version 8.0891, OriginLab Corporation, Northampton,

MA, USA), or GraphPad Prism (ver.9 for MacOS). Where appropriate,

schematics of figures were prepared using BioRender.com.

NSP5 and NSP2 expression and purification

Recombinant NSP2 (strain RF) was expressed and purified, as previ-

ously described (Borodavka et al, 2017). NTA-affinity purified NSP2

fractions were further purified over a HiTrap SP cation-exchange

column. The concentrated peak fractions were resolved on a

Superdex 200 10 × 300 GL column and pre-equilibrated with

RNAse-free SEC buffer (25 mM HEPES-Na, pH 7.5, 150 mM NaCl)

to ensure high purity and homogeneity of the preparation. While a

functional form of the RNA chaperone NSP2 can be produced and

purified under native conditions (Jayaram et al, 2002; Borodavka

et al, 2017), and its C-terminally His-tagged version supports viral

replication (preprint: Bravo et al, 2020), previous attempts to

natively purify a full-length untagged NSP5 were not successful

(Jiang et al, 2006; Martin et al, 2011). We therefore expressed and

purified NSP5 under denaturing conditions, followed by its refold-

ing. Full-length recombinant NSP5 (strain RF) was expressed and

isolated from bacterial pellets as inclusion bodies as previously

described (Borodavka et al, 2017). Washed inclusion bodies were

solubilised in 6 M guanidinium hydrochloride and the protein-

containing fraction was then subjected to a refolding protocol

following step-wise dialysis (Martin et al, 2011). After refolding,

NSP5-containing fractions were further purified over an ImpRes Q

column (GE). The concentrated peak fractions were further resolved

on a Superdex 200 10 × 300 column pre-equilibrated with SEC

buffer (25 mM HEPES-Na, pH 7.5, 150 mM NaCl) to ensure homo-

geneity of the preparation. Quasi-elastic scattering analysis of a

monodisperse NSP5 sample revealed a hydrodynamic radius

~6.8 nm, consistent with the previously proposed decameric organi-

sation(Martin et al, 2011). ΔC-NSP5-expressing plasmid was gener-

ated by removing the C-terminal residues 189–198 using the Q5 site-

directed mutagenesis kit and NEBaseChanger (NEB), and the origi-

nal pET28-NSP5 vector (Borodavka et al, 2017) as a template.

Further expression and purification of the ΔC-NSP5 mutant were

carried out under the conditions identical to those used for full-

length NSP5. We noted that the yields of ΔC-NSP5 were consistently

higher compared to those seen for NSP5.

DeePhase predictions

The propensity of the protein sequences to form condensates was

estimated using the DeePhase model. Briefly, individual predictions

relied on featuring the protein sequences by estimating a number of

explicit sequence-specific parameters (sequence length, hydropho-

bicity, Shannon entropy, the fraction of polar, aromatic and posi-

tively charged residues and the fraction of sequence estimated to be

part of the low complexity region and intrinsically disordered

region) as well as implicit word2vec algorithm-based embeddings.

The used model had been trained on previously constructed datasets
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including sequences with varying propensity to undergo LLPS as

has been described in (Saar et al, 2021). In order to evaluate how

the LLPS-propensity of each protein sequence varied along its

length, the full sequences were divided into 20–30 amino acid long

fragments and the propensity of each fragment to undergo LLPS was

evaluated. For the final result, individual predictions from 10

consecutive fragments were averaged.

Circular dichroism spectroscopy and dynamic light scattering

Samples were prepared by dialysing NSP5 against 10 mM phosphate

buffer pH 7.4, 150 mM sodium fluoride. Sodium fluoride was

chosen to minimise strong absorbance of chloride ions at lower

wavelengths. Spectra were acquired in a 1 mm path length quartz

cuvette (Hellma) using a Chirascan plus spectrometer (Applied

Photophysics) with a 1 nm bandwidth and a step size of 1 nm. An

average of 3 scans (190–280 nm) were used for the final spectra,

measured at 20°C and 90°C. Data were fitted to determine the

secondary structure content using BeStSel (Micsonai et al, 2018).

NSP5 samples (1 mg ml−1) were injected on a TSKgel

G6000PWxl SEC column (Tosoh) pre-equilibrated with the SEC

buffer (see above) at 21°C and a flow rate set to 0.4 ml min−1.

Dynamic (Quasi-Elastic) light scattering (QELS) measurements were

carried out using an AKTA pure system (GE Healthcare) connected

to a DAWN HELEOS and Optilab TrEX for QELS (Wyatt). On-line

QELS was carried out using WyattQELS DLS Module to measure the

translational diffusion and corresponding hydrodynamic radius of

the eluting fraction. Autocorrelation functions (ACFs) were fitted to

a single exponential to determine diffusion coefficients and corre-

sponding hydrodynamic radii (Rh) of the oligomeric NSP5 species

using ASTRA software (Wyatt).

High-throughput generation of NSP5/NSP2 Phase Diagrams
via PhaseScan

Device fabrication
Polydimethylsiloxane (PDMS, Corning) devices for droplet genera-

tion and multilayer well-devices for droplet collection and imaging

were produced on SU-8 (Microchem) moulds fabricated via

photolithographic processes as described previously (McDonald

et al, 2000; Mazutis et al, 2013; Arter et al, 2020b).

Phase diagram generation
Phase diagrams were produced using droplet microfluidics in a simi-

lar manner to that described previously (Arter et al, 2020a). Syringe

pumps (neMESYS modules, Cetoni) were used to control flows of

protein solutions, consisting of 22 μM NSP5 supplemented with

6.4 μM Alexa 647 dye (carboxylic acid, Thermo Fisher) or 8 μM His-

tagged NSP2 labelled with 8 μM Atto488-nitrilotriacetic acid (NTA,

Sigma), and buffer (0.5 × phosphate saline buffer, PBS, pH 7.4).

Appropriate quantities of 1,6-hexanediol were pre-mixed into all

solutions before droplet generation. The aqueous flow rates were

configured to vary automatically according to pre-set gradients, with

constant total flow rate of 60 μl/h, to scan phase space between

nominal concentrations of 0.9–7.3 μM and 0.30–6.5 μM for NSP5

and NSP2, respectively FC-40 oil (containing 1.5% (v/v) fluorosur-

factant, RAN biotechnologies) was introduced to the device at a

constant flow rate of 50 μl/h for microdroplet generation.

Imaging
Directly after generation, microdroplets were transferred into a

droplet-trapping device (Labanieh et al, 2015) to ensure droplets

were maintained in a well-spaced, stationary configuration for imag-

ing. Microscopy data was acquired with a AxioObserver D1 micro-

scope (Zeiss) equipped with a 5× air objective and a high-sensitivity

camera (Evolve 512, Photometrics). Appropriate filter sets were

used for EFGP (49002, Chroma Technology) and Alexa Fluor 647

detection (49009, Chroma Technology). Representative data are

presented in Fig EV5.

Droplet detection and data analysis
Acquired images were analysed using a custom-written Python script.

Droplets were fitted as circles in the images. Non-circular droplets or

erroneous detections were filtered and removed. From the fitted

circular areas, the total intensity was calculated and normalised to

obtain the intensity per unit volume (calculated using the fitted diam-

eter) and converted to concentrations by comparison to calibration

images acquired with known concentrations of NSP2/Atto488 and

NSP5/Alexa 647 mixtures. Droplets were classified as phase-

separated or homogeneous according to the presence or absence of at

least two connected pixels > 5 standard deviations from the mean

pixel intensity. Representative classification output is presented Fig

EV5. Droplet classification, NSP2 and NSP5 concentration were then

combined on a per-droplet basis to produce phase diagrams. Two-

dimensional probability maps were constructed by division of the

phase space (NSP2 vs. NSP5 concentration) into regular squares. The

proportion of homogeneous or phase-separated droplets present in

each region of phase space was calculated, before being passed

through the error function (erf) to classify the phase separation

propensity of each region as represented by the colourmap.

Affinity measurements by fluorescence anisotropy

Fluorescence anisotropy measurements with Alexa Fluor 488 dye-

labelled 20-mer RNA, as described previously (Bravo et al, 2018),

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 were titrated into 5 nM RNA in

50 mM Tris–HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.05% Tween-

20 in a total volume of 50 µl and equilibrated at room temperature

for 15 min prior to measurements were taken. Where required,

buffers were supplemented with 4.5% v/v 1,2-propanediol. Raw

Anisotropy (r) values were calculated as follows:

r¼ Ik� I?ð Þ
Ikþ2I?ð Þ

where Ik and I? are the parallel and perpendicular emission

signals, respectively. Normalised anisotropy values were plotted as

a function of protein concentration and fitted to a Hill equa-

tion using OriginPro 9.0.

Single-molecule Fluorescence in situ Hybridisation (smFISH)
and TagPAINT

Rotavirus-infected and mock-infected MA104 cell controls,

where appropriate, were fixed with 4% (v/v) methanol-free
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paraformaldehyde in nuclease-free phosphate saline buffer (PBS,

Sigma) for 10 min at room temperature. Samples were then

washed twice with PBS, and fixed cells were permeabilised with

70% (v/v) ethanol (200 proof) in RNAse-free water and stored in

ethanol at +4°C for at least 12 h prior to hybridisation, and no

longer than 24 h. Permeabilised cells were then re-hydrated for

5 min in a pre-hybridisation buffer (300 mM NaCl, 30 mM triso-

dium citrate, pH 7.0 in nuclease-free water, 10% v/v Hi-Di forma-

mide (Thermo Scientific), supplemented with 2 mM vanadyl

ribonucleoside complex). Re-hydrated samples were hybridised

with an equimolar mixture of DNA probes specific to the RNA

targets (RVA strain RF sequences), 62.5 nM final concentration,

see Table EV1, in a total volume of 200 µl of the hybridisation

buffer (Stellaris RNA FISH hybridisation buffer, Biosearch Tech-

nologies, supplemented with 10% v/v Hi-Di formamide). After 4 h

of incubation at 37°C in a humidified chamber, samples were

briefly rinsed with the wash buffer (300 mM NaCl, 30 mM triso-

dium citrate, pH 7.0, 10% v/v formamide in nuclease-free water,

after which a fresh aliquot of 0.3 ml of the wash buffer was

applied to each well and incubated twice at 37°C for 30 min. After

washes, nuclei were briefly stained with 300 nM 4’,6-diamidino-2-

phenylindole (DAPI) solution in 300 mM NaCl, 30 mM trisodium

citrate, pH 7.0) and the samples were finally rinsed with and

stored in the same buffer without DAPI prior to the addition

of the photostabilising imaging buffer (PBS containing an

oxygen scavenging system of 2.5 mM protocatechuic acid, 10 nM

protocatechuate-3,4-dioxygenase supplemented with 1 mM (�)-6-

hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox).

TagPAINT imaging (Nieves et al, 2019) was carried out for SNAP-

tagged NSP2-expressing cells infected with RVs. After fixation, cells

were permeabilised with PBS supplemented with 0.2% Triton-X100

for 3 min and then subsequently incubated with 50 mg ml−1 BSA in

PBS for 10 min. 5 μM benzylguanine (BG)-conjugated DNA

(Biomers.com) dissolved in PBS supplemented with 0.2% Tween-20

(PBST) was incubated with fixed cell samples for 15 min. The

samples were then washed with 0.4 ml of PBST several times, to

remove any non-specifically adsorbed ligand. Finally, the samples

were incubated with gold nanoparticles in PBST for 10 min before

mounting for DNA-PAINT imaging.

DNA-PAINT imaging

Microscope configuration
DNA-PAINT imaging was carried out on an inverted Nikon Eclipse

Ti microscope (Nikon Instruments) equipped with the Perfect

Focus System using objective-type total internal reflection fluores-

cence (TIRF) configuration (oil immersion Apo SR TIRF, NA 1.49

100× objective). A 200 mW 561 nm laser beam (Coherent

Sapphire) was passed through a clean-up filter (ZET561/10,

Chroma Technology) and coupled into the microscope objective

using a beam splitter (ZT561rdc, Chroma Technology). Fluores-

cence light was spectrally filtered with an emission filter (ET575lp,

Chroma Technology) and imaged with a sCMOS camera (Andor

Zyla 4.2) without further magnification, resulting in an effective

pixel size of 130 nm after 2 × 2 binning. Images were acquired

using a region of interest of 512 × 512 pixels. The camera read-out

rate was set to 540 MHz, and images were acquired with an inte-

gration time of 200 ms.

Sample preparation, imaging and data analysis

5’-ATACATTGA-Cy3B-3’ (Metabion) was used as ssDNA “imager”

for visualising Seg 3 RNA target. 20,000 frames were acquired for

each target. Sequences of the oligonucleotide RNA FISH probes are

described in ref. Strauss et al (2021). These were generated using

the Stellaris RNA FISH probe designer (https://www.biosearchtec

h.com/stellaris-designer), using each gene-specific ORF sequence as

inputs and level 2 masking. The resulting pools of probes were then

further filtered to remove the sequences targeting the RNA tran-

scripts sequences with higher propensity to form stable intra-

molecular base-pairing. 5’-TAATGAAGA-Cy3B-3’ (Metabion) was

used as ssDNA “imager” for a complementary benzylguanine (BG)-

conjugated oligonucleotide DNA (Biomers.com) for reacting with

the SNAP-tagged NSP2. Imager strands were diluted to 100 pM

(Seg3 RNA), and 300 pM (SNAP-tagged NSP2), respectively. Drift

correction was performed with a redundant cross-correlation and

gold particles used as fiducial markers. Fluorescence data were

subjected to super-resolution reconstruction using Picasso software

package (Jungmann et al, 2014; Schnitzbauer et al, 2017).

Statistical analysis

Statistical analyses of all repeated measurements where appropriate,

and as indicated in figure legends, were carried out in GraphPad

Prism version 9.1.1 (223) for MacOS, GraphPad Software, San

Diego, California USA.

Data availability

Primary image datasets and stacks of 3D DNA-PAINT images are

available at: http://doi.org/10.5281/zenodo.5009222.

DeePhase tool is available at: https://deephase.ch.cam.ac.uk.

Expanded View for this article is available online.
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