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ABSTRACT

The concept of phase separation applied to biological systems has been rapidly
building momentum and interest. Phase separation is the conversion of a single-phase
solution into two distinct phases: a dilute phase and a concentrated droplet phase.
When applied to cells, the term droplet refers to membraneless organelles or
condensates that concentrate biomolecules like proteins and RNA. Viruses can
interfere with host condensates, like the nucleolus or stress granules, as well as
generate condensates to facilitate viral processes. Our research suggests that
electrostatic interactions in the intrinsically disordered region of p26, a movement
protein encoded by the +sense RNA plant virus Pea enation mosaic virus 2 (PEMV2),
drive p26 phase separation to form viral condensates. \WWe demonstrate co-localization
of p26 with host proteins, specifically fibrillarin and G3BP1, into condensates during
virus infection and subsequently illustrate the importance of G3BP1 phase separation
in the plant anti-viral response. These findings outline a key role for p26 phase
separation in the coordination of virus-host interactions, viral ribonucleoprotein
(VRNP) formation, and systemic virus movement. This work explores how host- and



virus-induced phase separation impacts virus-host interactions to promote or restrict
a virus infection.

Viral condensate research has predominantly centered around the formation of
membraneless replication factories by negative sense viruses. However, the function
and composition of cytoplasmic condensates formed by positive sense RNA viruses,
which utilize membrane-associated replication factories, has been largely
uninvestigated. Mass spectrometry revealed that p26 condensates were enriched with
ribosomal proteins and fibrillarin, a host rRNA methyltransferase hijacked by PEMV2
to support virus movement. Our data shows that p26 expression represses global
translation >40% in plants. In corroboration, polysome profiling exposed significant
defects in monosome formation for p26-overexpression and virus-infected samples,
whereas infection with a mutant virus lacking p26 partially rescued monosome
formation.

Our findings suggest that p26 binds rRNA with a high affinity, yet there was no
significant alteration in rRNA abundance, processing, or 2’-O-methylation. Therefore,
we propose that p26-mediated sequestration of fibrillarin, mMRNA, rRNA, and
ribosomal proteins into condensates may serve as a switch to repress translation in

favor of virus trafficking, a process incompatible with active translation.
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CHAPTER 1

1. AN INTRODUCTION TO VIRUSES AND PHASE SEPARATION
Plant Research and Pathology

Plants are indispensable to the existence of humans and animals. First and
foremost, contributions by plants and photosynthetic bacteria were fundamental to the
formation of Earth’s atmosphere.! Not only are plants essential for regulating the
climate, they are also necessary to regulate the conditions of soil and water, both
chemically and biologically.! Moreover, plants are the foundation of the biological food-
chain, providing nutrients, vitamins, and some essential amino acids that humans
can't attain from another source.” The knowledge acquired from studying plants and
plant pathogens can be also applied to human health. Throughout history plants have
been a major source for the development of medicines and drugs, like morphine and
aspirin.? Aside from being agriculturally relevant, many major scientific advances have
been made by studying plants, most notably, the discovery of genetic inheritance.’
Plants have also been used to understand how light impacts a higher organism’s
physiological response.’ Plant research also led to the first successful crystallization
of an enzyme and the discovery of transposable elements.® Research in plants can
also be beneficial for studying pathogens, as the innate immune systems of plants
and animals share similarities.* Due to the absence of an adaptive immune system,

plants use pattern recognition receptors (PRRs) and nucleotide-binding leucine rich



repeat proteins (NB-LRR) to detect pathogens and pathogen effector molecules.> ©
Similarly, proteins from the NB-LRR-related (NLR) superfamily contribute to innate
immunity by recognizing pathogen by-products in higher organisms, like humans.> ’
Plant pathology research has provided significant insights into many important
eukaryotic cellular processes. For example, RNA interference (RNAi) was first
described in plants and is recognized as the primary plant anti-viral response, whereas
in humans, RNAI is predominantly associated with the regulation of gene expression.3
RNA interference (RNAI) is a process in which small RNA molecules are assembled
into complexes that bind mRNA and target it for degradation.® Additionally, an
investigation of pathogen-plant interactions led to the discovery of effectors, which are
molecules secreted by an organism to benefit that organism.® ° In correspondence
with this, transcription activator-like effectors (TALEs), effector proteins that bind to
DNA and activate transcription, were first discovered while studying the plant
pathogen Xanthomonas.® These discoveries led to the development of TALE-
nucleases (TALENS) for gene editing, which have been tested to treat human diseases
in clinical trials.®> Moreover, the effector-triggered immune response (ETI), a host
immune response to virulence factors, was initially demonstrated in plants, and then
later in animals.® Arguably, one of the most significant contributions to the pathology
field was made by a plant pathologist. In 1892, Dmitri Ivanovski discovered the first

virus, a plant virus named Tobacco mosaic virus (TMV)."0



A Short Background on Viruses

Viruses are infectious microbes that rely on living organisms for replication.
Viruses have been the causative agent for some of the deadliest pandemics in human
history, including the 1918 influenza pandemic and the human immunodeficiency virus
(HIV) pandemic that began around 1981." Some well-known human diseases caused
by viruses are the flu, polio, herpes, yellow fever, Zika fever, smallpox, and COVID-
19_12-14

The Baltimore Classification System abides by the basic classification of
viruses according to their nucleic acid composition, and further categorizes viruses by
strandedness."™ Currently, this system classifies viruses into 7 groups: double-
stranded (ds) DNA viruses, single-stranded (ss) DNA viruses, dsRNA viruses, positive-
sense (+sense) RNA viruses, negative-sense (-sense) RNA viruses, reverse
transcribing (RT) RNA viruses, and RT-DNA viruses.'® dsDNA and ssDNA viruses use
host polymerases to replicate their genome and to produce mRNA."®> RT-DNA viruses
are replicated by using the enzyme reverse transcriptase to form an RNA intermediate,
whereas RT-RNA viruses use the enzyme to produce a DNA intermediate for
replication.’® dsRNA and ssRNA viruses encode an RNA-dependent RNA-polymerase
(RdRp) that is used for replication of the viral RNA genome.®

The genome of a +sense virus is a single-stranded mRNA that can be directly
translated using host machinery in the cytoplasm to produce viral proteins.' Once
produced, the RdRp generates complementary strands of the viral genome which are

used to synthesize additional copies of the genome and viral mRNAs."” For -sense



RNA viruses, the RdRp is packaged into the virion, which allows for the synthesis of
viral mRNA from the -sense RNA shortly after infection.'” Next, the viral mMRNAs must
be translated using host machinery to produce the viral proteins that are required for
replication of the -sense RNA genome.'” However, the host translational machinery
typically prefers to translate mRNAs with a 5’ cap structure and polyadenylated 3’ end
because they resemble cellular mMRNAs."™ To overcome this obstacle, many RNA
viruses have developed mechanisms that allow them to cap and/or polyadenylate their
mRNAs to promote translation of viral transcripts.!” Though, this is just one of many
methods used by viruses to manipulate translation, a prevalent theme that will be

discussed throughout this work.

Viruses Manipulate Host Translation to Support Virus Infection

Viruses are dependent on the host translation machinery to generate viral
proteins.™ As such, they must impede host mRNA translation to favor viral protein
synthesis, a process known as host shut-off.'® There are multiple strategies that
viruses can use to repress translation of host transcripts. For example, severe acute
respiratory syndrome coronavirus (SARS-CoV), a +sense ssRNA virus, encodes the
Nsp1 protein, which can cleave host mRNAs by associating with 40S ribosomes.®
Another method is to induce host shut-off by interfering with the recruitment of
ribosomes to host mMRNAs and employing alternate methods to recruit ribosomes to

viral transcripts.®



Many +sense ssRNA viruses encode proteins that directly target translation
initiation factors to obstruct ribosome recruitment to host transcripts. Poliovirus (PV)
induces host shut-off by encoding a protease that cleaves the translation initiation
factors elF4Gl and elF4GlIl."® The coronaviruses severe acute respiratory syndrome
coronavirus (SARS-CoV) and infectious bronchitis virus (IBV), encode a spike (S)
protein that interacts with elF-3F to suppress translation.’® 2% This class of viruses can
also target translation factors indirectly. Dengue virus (DENV) inhibits translation by
preventing the assembly of elF4F, a protein complex that regulates the recruitment of
ribosomes to mRNA."® This is achieved by increasing the accumulation of a translation
repressor, 4E-BP1, to bind the translation initiation factor elF4E; a process that has
also been shown to suppress the host anti-viral response.' Viruses that disrupt the
formation of elF4F require alternative methods to initiate translation of viral transcripts,
though the mechanisms used by viruses to subvert canonical translation initiation will
not be discussed in this work. Viruses also manipulate translation by interfering with
host membraneless organelles, a topic that will be explained in greater detail in

subsequent sections of this chapter.

Plant Viruses

As of 2022, there were 10,434 species of viruses recognized by the
International Committee on Taxonomy of Viruses (ICTV) 2!, and almost 2,000 of these
are plant viruses.?? Plant pathogens threaten the security of the agricultural industry

and the global food supply, and almost half of disease-causing plant pathogens are
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viruses.?® Globally, the cost associated with crop losses and damages due to plant
viruses can exceed 30 billion USD each year.?

Compared to DNA plant viruses, RNA viruses are associated with more severe
crop losses and substantial damages to agricultural production.?* The citrus disease
caused by Citrus tristeza virus (CTV) is regarded as the most economically important
viral citrus disease in the world.?> 26 It's estimated that CTV infections caused the loss
of approximately 100 million citrus trees across the world in the 20" century.?®> The
most widespread and economically damaging viral disease of grapevines, Grapevine
leafroll disease (GLRD), is estimated to cause $25,000-$40,000 in losses per 10,000
square meters during the vineyard’s 25-year lifespan.?® 27 Grapevine leafroll-
associated virus 3 (GLRaV-3) is the primary causative agent for GLRD.?” Plum pox
virus (PPV) infects plants that produce stone fruits (i.e. peaches, apricots, plums,
nectarines, etc.), causing fruit to drop prematurely.?® Crops that are susceptible to PPV
can see yield losses of up to 80-100%; the global cost of managing the disease caused
by PPV infections over the last 30 years is over $11 billion.?®> Maize dwarf mosaic virus
(MDMV), Potato virus Y (PVY), and Rice yellow mottle virus (RYMV) are all examples
of plant viruses that are agriculturally and economically devastating.?® All of these
viruses fall into one category: positive-sense single-stranded (ss) RNA viruses, which

are the most abundant group of eukaryote-infecting viruses.'®



Pea Enation Mosaic Virus 2

Pea Enation Mosaic Virus 2 (PEMV2) is a +sense ssRNA virus from the
Tombusviridae family.?® The genome of PEMV2 is 4252 nucleotides long and has 4
open reading frames that encode the RdRp, two movement proteins, and a protein
believed to be involved in viral replication (Figure 1.1).22 PEMV2 encodes two
movement proteins p26 and p27, associated with long-distance movement and cell-

to-cell movement, respectively.?®

PEMV2
026 4252 kb

Figure 1.1 A schematic of the Pea enation mosaic virus 2 (PEMV2) genome

A schematic demonstrating the organization of the PEMV2 genome. PEMV2 is a
positive-sense RNA virus with a 4252 kb genome. PEMV2 encodes 4 proteins: p33,
p94, p26, and p27. P33 is believed to be involved in replication. p94 is the RNA-
dependent RNA-polymerase (RdRp). p26 and p27 are movement proteins associated
with long-distance and cell-to-cell movement, respectively.

PEMV2 is an umbravirus, a unique genus of viruses that do not encode capsid
proteins.3® Most viruses encode a capsid protein, also known as a coat protein, that
encapsulates the viral genome for protection.®® For plant viruses, capsid proteins are
often multi-functional and are necessary for virus movement within the plant and
vector transmission of the virus from plant-to-plant.® Due to the absence of a capsid
protein, umbraviruses must co-infect with a virus from the Luteoviridae family for

transmission between plants.3° Though PEMV2 requires the coat protein encoded by
7



PEMV1, a corresponding luteovirus, to support aphid-transmission of the viruses,
PEMV2 does not require a coat protein to spread throughout the plant.3° Instead,
umbraviruses encode movement proteins that facilitate cell-to-cell virus movement
through the plasmodesmata and long-distance virus movement through the phloem.3°

Groundnut rosette virus (GRV) is another umbravirus that encodes a
movement protein known as open reading frame 3 (ORF3), an orthologue to p26.28
Previous work has shown that ORF3 must localize to the nucleolus and be trafficked
back into the cytoplasm to form viral ribonucleoprotein particles (VRNPs) capable of
systemic virus movement and infection.?' Soon after, it was discovered that ORF3
interacts with the nucleolar protein fibrillarin.32 While this interaction was not deemed
necessary for virus replication or cell-to-cell movement, it is required for long-distance
movement of GRV.3? It was also found that ORF3 co-localized with fibrillarin in
cytoplasmic RNPs, or inclusion bodies.3" Similarly, p26 is also involved in the
formation of RNPs with viral RNA%® and was shown to localize to large cytoplasmic

inclusion bodies.28- 29

Phase separation in Biology

Phase separation is the process in which a single-phase solution transitions
into two distinct co-existing phases, a dilute phase and a concentrated droplet
phase.3? The droplet phase concentrates biomolecules like proteins and RNA into a
membraneless organelle, often referred to as a condensate.3® Phase separation may

be induced in response to a multitude of external and internal cellular stimuli. Notably,
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the formation of biomolecular condensates is often linked to the stress response.34-3¢
Environmental stress caused by changes in temperature, salinity, pH, and virus
infection have all been shown to impact phase separation.?”> 3 In humans, the
misregulation of biomolecular condensates has been linked to neurodegenerative
diseases, age-related disorders, and cancers.36 39

The biomolecules driving phase separation are often referred to as scaffold
molecules.?” Alternatively, client molecules partition within the condensates formed by
scaffold molecules.?” The multivalency of macromolecules is recognized as a defining
characteristic of scaffold molecules.?” 2 In this context, multivalency refers to the
ability of a molecule to form various interactions through multiple domains or motifs.3°
Proteins with multiple binding domains and proteins containing intrinsically disordered
regions (IDRs) are examples of multivalent proteins.*® The IDR of a protein lacks a
fixed three-dimensional structure, allowing for conformational heterogeneity and
promiscuous binding.3"- 38 41 Additionally, DNA and RNA molecules containing regions
that allow for binding to other proteins or nucleic acid molecules are also multivalent.*°
Multivalent molecules are assembled into larger macromolecules; as the size of the
complex increases, the solubility of the molecules will decrease (Figure 1.2).4° Thus,
phase separation transpires when the entropic cost of solubilizing these large
complexes becomes higher than the cost of demixing and condensing these

complexes.*0
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Figure 1.2 Phase Separation is driven by Interactions Between Multivalent
Molecules

A simplified illustration depicting the mechanism of phase separation driven by
multivalent biomolecular interactions. Adapted with permission from J. Ren, Z.
Zhang, Z. Zong, L. Zhang, F. Zhou, Emerging Implications of Phase Separation in
Cancer. Adv. Sci. 2022, 9, 2202855. https://doi.org/10.1002/advs.202202855.
Copyright 2022 The Authors, Advanced Science published by Wiley-VCH GmbH.4?
Licensed under CC BY 4.0 / Cropped from original

Essential Host Condensates Form through Phase Separation

The nucleolus and Cajal bodies (CBs) are examples of nuclear host
condensates (Figure 1.3).3% 40 RNA processing, ribosome assembly, and the
modulation of gene expression are all functions that have been associated with
nuclear condensates.®® These host condensates are also involved in RNA silencing,
a primary anti-viral response in plants.3! While nuclear condensates are essential for
cell viability, they can also be exploited by viruses. GRV is a +sense ssRNA plant virus

that replicates in the cytoplasm, but the long-distance movement protein from GRV

10


https://doi.org/10.1002/advs.202202855
https://creativecommons.org/licenses/by/4.0/

must interact with CBs and the nucleolus to move the virus systemically through the
plant.?’

Stress granules and processing bodies (p-bodies) are examples of cytoplasmic
host condensates (Figure 1.3).3% 40 Cytoplasmic host condensates have been linked
to mRNA sequestration, metabolism, and regulation.3® Cytoplasmic condensates can
also serve as a localization site to aid in biochemical reactions.*® Condensates that
concentrate RNA, like p-bodies and stress granules, are often enriched with RNA-
binding proteins (RBPs), and intrinsically disordered proteins (IDPs), proteins that
contain an IDR and fully disordered proteins.40 43

The formation of some cytoplasmic condensates, specifically stress granules
and p-bodies, has been linked to the repression of translation.3® During the stress
response certain components are sequestered into stress granules, though these
components are variable depending on the type of stress.3® Typically these
condensates contain key elements for translation, including RBPs involved in
translation regulation, metabolic enzymes, and RNAs that are associated with a
stalled 48S pre-initiation complex (See Table 1.1).3% Thus, it is widely believed that
mRNAs being temporarily repressed for translation can be stored and regulated in
stress granules.3?® P-bodies are cytoplasmic RNPs formed via phase separation and
are often associated with the metabolism and decay of mRNA, and translational
repression, though the exact functions of p-bodies still remain elusive.** 33 By
targeting p-bodies and stress granules, viruses are able to exercise control over gene

expression in the host.
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Figure 1.3 Eukaryotic Cytoplasmic and Nuclear Biomolecular Condensates

A diagram demonstrating various biomolecular condensates that have been identified
in eukaryotic cells. Granules with a green hue are germ cell specific. Synaptic
densities and RNA transport granules are neuronal cell specific. Reproduced with
permission from Springer Nature (SNCSC); Banani, S., Lee, H., Hyman, A. et
al. Biomolecular condensates: organizers of cellular biochemistry. Nat Rev Mol Cell
Biol 18, 285-298 (2017). https://doi.org/10.1038/nrm.2017.7. Copyright 2017 Springer
Nature.4°
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Table 1.1 An Overview of the Mammalian Stress Granule Proteome

This table provides an overview of the RNA-binding proteins (RBPs) associated with
the mammalian stress granule proteome and identified by Jain, S. et al.*® This data
was collected and mined from the published manuscript: Jain S, Wheeler JR, Walters
RW, Agrawal A, Barsic A, Parker R. ATPase-Modulated Stress Granules Contain a
Diverse Proteome and Substructure. Cell. 2016 Jan 28;164(3):487-98. doi:
10.1016/j.cell.2015.12.038. Epub 2016 Jan 14. PMID: 26777405, PMCID:

PMC4733397.

Gene ID Protein Name Enzymatic Activity
DDX21 Nucleolar RNA helicase 2 ATPase
CCT6A T-complex protein 1 subunit zeta ATPase
DHX30 Putative ATP-dependent RNA Helicase ATPase
DAZAP1 DAZ-associated protein 1
EIF3D Eukaryotic translation initiation factor subunit D
EIF3G Eukaryotic translation initiation factor subunit G
EIF4A1 Eukaryotic initiation factor 4A-| ATPase
EIF4B Eukaryotic translation initiation factor 4B
FMR1 Fragile X mental retardation protein 1
G3BP1 Ras GTPase-activating protein-binding protein 1 ATPase
HNRNPUL1 Heterogeneous nuclear ribonucleoprotein U-like protein 2
HNRNPAB  Heterogeneous nuclear ribonucleoprotein A/B
HNRNPH2 | Heterogeneous nuclear ribonucleoprotein H2
MAP4 Microtubule-associated protein 4
MSI2 RNA-binding Musashi homolog 2
PRDX1 Peroxiredoxin-1
SAFB2 Scaffold attachment factor B2
STIP1 Stress-induced-phosphoprotein 1
SUGP2 SURP and G-patch domain-containing protein 2
TRIP6 Thyroid receptor-interacting protein 6
ZNF638 Zinc Finger protein 638
ATXN2 Ataxin-2
ATXN2L Ataxin-2-like protein
CAPRIN1 Caprin-1
CELF1 CUGBP Elav-like family member 1
DDX1 ATP-dependent RNA helicase DDX1 ATPase
DDX3X ATP-dependent RNA helicase DDX3X ATPase
DDX6 Probable ATP-dependent RNA helicase DDX6 ATPase
EIF3A Eukaryotic translation initiation factor 3 subunit A

13



Gene ID

EIF3H
EIFG1
EIFG2
FXR2
G3BP2
IGF2BP2
MOV10
NUFIP2
PABPC4
PRRC2C
PUM1
PURA
PURB
RBMS2
STAU1
STAU2
SYNCRIP
TIAL1
UBAP2
UBAP2L
UPF1

uUsP10
CSDE1
FAM120A
FNDC3B
FUBP3
FXR1
IGF2BP1
TNPO1
TRIM25
ZC3HT7A
YTHDF1
YTHDF3
ZC3HAV1
STRAP

Protein Name Enzymatic Activity

Eukaryotic translation initiation factor 3 subunit H
Eukaryotic translation initiation factor 4 gamma 1
Eukaryotic translation initiation factor 4 gamma 2

Fragile X mental retardation syndrome-related protein 2
Ras GTPase-activating protein-binding protein 2
Insulin-like growth factor 2 mRNA-binding protein 2
Putative helicase MOV-10 ATPase
Nuclear fragile X mental retardation-interaction protein 2
Polyadenylate-binding protein 4

Protein PRRC2C

Pumilio homolog 1

Transcriptional activator protein PUR-alpha
Transcriptional activator protein Pur-beta

RNA-binding motif, single-stranded-interacting protein 2
Double-stranded RNA-binding protein Staufen homolog 1
Double-stranded RNA-binding protein Saufen homolog 2
Heterogenous nuclear ribonucleoprotein Q

Nucleolysin TIAR

Ubiquitin-associated protein 2

Ubiquitin-associated protein 2-like

Regulator of nonsense transcripts 1

Up-frameshift protein 1

Ubiquitin carboxyl-terminal hydrolase 10 Hydrolase
Cold shock domain-containing protein E1

Constitutive coactivator of PPAR-gamma-like protein 1
Fibronectin type |ll domain-containing protein 3B

Far upstream element-binding protein 3

Fragile X mental retardation syndrome-related protein 1
Insulin-like growth factor 2 mRNA-binding protein 1
Transportin-1

E3 ubiquitin/ISG15 ligase TRIM25 Ligase
Zinc finger CCCH domain-containing protein 7A

YTH domain family protein 1

YTH domain family protein 3

Zinc finger CCCH-type antiviral protein 1
Serine-threonine kinase receptor-associated protein
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There have been multiple reports of +sense ssRNA viruses targeting host
condensates to promote virus infection. For example, Brome mosaic virus (BMV) has
been shown to target p-bodies to facilitate viral replication.’”® Researchers have
identified multiple p-body components that are deemed necessary for BMV translation
and replication.*8 It was found that BMV genomic RNAs also accumulate in p-bodies;
additionally, the BMV RdRp co-immunoprecipitates and partially co-localizes with the
p-body component Lsm1-7p.46

In contrast, West Nile virus (WNV) depletes cells of p-bodies and redirects the
components of p-bodies, which are important for WNV replication, to viral replication
centers.*” Poliovirus (PV) has also been reported to suppress the formation of p-
bodies.'® Deadenylation is an indispensable pre-requisite for mMRNA decay and p-body
formation in mammals.*® It was found that PV infection induced cleavage of PAN3 4°,
a deadenylase that when depleted, disrupts deadenylation and thus, p-body
formation.*® PV disrupts the formation of p-bodies prior to the completion of the virus
replication cycle.*” Interestingly, the dissolution of p-bodies during a PV infection is
followed by the degradation of multiple proteins related to mRNA turnover.*’

Viruses may target stress granules for a number of reasons; for example, to
prevent the sequestration of viral factors into stress granules or to co-opt stress
granule factors to promote virus replication.” Cricket paralysis virus (CrPV) inhibits
stress granule formation in the early stages of infection, which may allow viral proteins
and RNA to remain accessible for essential viral processes like replication and

translation.4”- 50 At later stages of infection, correlating with an increase in viral protein
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expression, CrPV also inhibits the formation of exogenously-induced stress
granules.*’ Flaviviruses like DENV, WNV, and ZIKV have also been shown to
suppress stress granule formation.4”- 5" Notably, while these flaviviruses suppressed
host cell translation, viral protein synthesis remained unaffected.® It's been proposed
that flaviviruses may recruit stress granule proteins to restrict the innate immune
response or to promote virus translation or replication.*” Likewise, Semliki Forest virus
(SFV) inhibits stress granule formation and diverts RasGAP-SH3 domain binding
protein 1 (G3BP1) into viral replication complexes.4” %0

Conversely, Hepatitis C virus (HCV) induces stress granule formation, which
restricts the translation of interferon-triggered antiviral transcripts.>> HCV also hijacks
stress granule proteins, like G3BP1, to support virus replication and particle
assembly.>> While viruses have been shown to target host condensates to promote
infection, many are also capable of generating viral condensates for the same

purpose.

Viruses Exploit Phase Separation

Recently, there has been an influx of studies that have reported a role for phase
separation in promoting DNA and RNA virus infections.3® % Compared to the
eukaryotic proteome, the proteome of RNA viruses is enriched with proteins containing
IDRs.%* Phase separation has been reported to be involved in all of the major steps of
the viral lifecycle including viral entry and uncoating, genome replication, virion

assembly and release.®® As such, it's proposed as the phenomena behind the
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formation of various viral membraneless organelles and compartments.®® These
condensates are believed to be intracellular sites that concentrate viral and host
molecules to facilitate multiple virus processes.

Numerous negative strand RNA viruses have been shown to induce the
formation of cytoplasmic membraneless organelles, called inclusion bodies, to carry
out multiple functions to promote virus infection.®” Influenza A virus (IAV) exploits the
host aggresome machinery and nuclear import factor transportin-1 (TNPO1), an
important phase separation regulator in the host, to promote the uncoating and
disassembly of the IAV capsid.®® It's been proposed that IAV whole genome assembly
may take place inside viral inclusion bodies with liquid-like properties.58 5 Additionally,
the viral transcription and replication of Rabies virus (RABV) and Respiratory syncytial
virus (RSV) takes place in cytoplasmic inclusion bodies formed through phase
separation.%® Inclusion bodies have also been reported as the replication site of
Vesicular stomatitis virus (VSV), Ebola virus (EBOV), Marburg virus (MARV), and
Measles virus (MeV).%8 The formation of these bodies is often dependent on the
expression of the viral nucleoprotein (N) and the phosphoprotein (P).%8 Viral N and P
proteins often contain multiple RNA-binding domains and IDRs.%® RABV, VSV, RSV,
and MeV require N and P protein expression for the formation of inclusion bodies to
facilitate viral processes and support the viral lifecycle.%® Often, +sense RNA viruses
replicate atop modified host cell membranes ©°, yet +sense viruses like GRV and

PEMV?2 still form cytoplasmic inclusion bodies.
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In contrast, +sense RNA viruses often replicate in membrane-associated
compartments or atop modified host cell membranes.'”- 5458 HCV, DENV, and SARS-
CoV-2 replication has been reported in viral factories connected to the endoplasmic
reticulum (ER).%® Semliki Forest virus (SFV) and Flock house virus (FHV) replication
has been associated with viral factories attached to lysosomes and the mitochondria,
respectively.® Despite this, cytoplasmic condensates containing viral proteins from
+sense RNA viruses have been reported.?® 3'- 61 For example, the SARS-CoV-2 N
protein undergoes phase separation and partitions in host stress granules under
stress conditions.®? However, viral condensates associated with +sense RNA viruses
remain largely unexplored.

While investigations into protein phase separation have expanded rapidly in
animal and yeast models over recent years, the study of phase separation in plants
remains in its infancy. Many studies on this topic have been centered on the role of
phase separation in flowering, immunity, and the stress response in plants (Figure
1.4).%3 Moreover, the study of phase separation in relation to viruses was also a newly
budding field. Therefore, at the time of this work, research into the role of phase
separation in plant virus infections was almost non-existent. We aimed to address this
knowledge gap by demonstrating the phase separation of a plant virus movement
protein and elucidating the function of viral condensates formed by a +sense RNA
virus. The work herein is innovative and successfully answers several novel questions
about trending scientific topics, like biomolecular phase separation. This research has

provided necessary insight and knowledge to the field of virology, deepening our
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understanding of virus-host interactions. Our work helps to forge a path forward by
investigating the mechanics of RNA virus infections, which, over the last 100 years

have caused the most global pandemics.%*
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Figure 1.4 A Graphical Timeline of Phase Separation Research in Plants

This figure summarizes the work investigating phase separation in plants, beginning
in 2018. This graphical timeline was reproduced with permission from Elsevier. This
article was published in Plant Communications Shanghai Editorial Office in
association with Cell Press, 5, Liu, Q., Liu, W., Niu, Y., Wang, T., Dong, J., Liquid—
liquid phase separation in plants: Advances and perspectives from model species to
crops, 100663, Copyright Elsevier 2023. https://doi.org/10.1016/].xplc.2023.100663.53
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CHAPTER 2
2. PHASE SEPARATION OF A PLANT VIRUS MOVEMENT PROTEIN AND

CELLULAR FACTORS SUPPORT VIRUS-HOST INTERACTIONS

Adapted with permission from Brown SL, Garrison DJ, May JP. Phase separation of
a plant virus movement protein and cellular factors support virus-host interactions.
PLoS Pathog. 2021 Sep 20;17(9):e1009622. doi:
https://doi.org/10.1371/journal.ppat.1009622. PMID: 34543360; PMCID:
PMC8483311. Copyright 2021 PLoS Pathogens.®® Licensed under CC BY 4.0

Chapter Summary

Both cellular and viral proteins can undergo phase separation and form
membraneless compartments that concentrate biomolecules. The p26 movement
protein from single-stranded, positive-sense Pea enation mosaic virus 2 (PEMV2)
separates into a dense phase in nucleoli where p26 and related orthologues must
interact with fibrillarin (Fib2) as a pre-requisite for systemic virus movement. Using in-
vitro assays, viral ribonucleoprotein complexes containing p26, Fib2, and PEMV2
genomic RNAs formed droplets that may provide the basis for self-assembly in planta.
Mutating basic p26 residues, arginine and lysine mutated to glycine (R/K-G), blocked
droplet formation and partitioning into Fib2 droplets or the nucleolus and prevented
systemic movement of a Tobacco mosaic virus (TMV) vector in Nicotiana
benthamiana. Mutating acidic residues, aspartic acid and glutamic acid mutated to
glycine (D/E-G), reduced droplet formation in vitro, increased nucleolar retention 6.5-

fold, and prevented systemic movement of TMV, thus demonstrating that p26 requires

20


https://doi.org/10.1371/journal.ppat.1009622
https://creativecommons.org/licenses/by/4.0/

electrostatic interactions for droplet formation and charged residues are critical for
nucleolar trafficking and virus movement. p26 readily partitioned into stress granules
(SGs), which are membraneless compartments that assemble by clustering of the
RNA binding protein G3BP following stress. G3BP is upregulated during PEMV2
infection and over-expression of G3BP restricted PEMV2 RNA accumulation >20-fold.
Deletion of the NTF2 domain that is required for G3BP condensation restored PEMV2
RNA accumulation >4-fold, demonstrating that phase separation enhances G3BP
antiviral activity. These results indicate that p26 partitions into membraneless

compartments with either proviral (Fib2) or antiviral (G3BP) factors.

Introduction

Cellular organelles are membrane-bound compartments that are critical for
eukaryotic cell function. RNA viruses frequently co-opt organelles to promote virus
replication, including the endoplasmic reticulum (ER) 66, mitochondria 7, nucleus ©2,
and Golgi apparatus %°. Much attention has been recently directed towards
membraneless organelles that form through phase separation, which transforms a
single-phase solution into a dilute phase and dense phase that concentrates
biomolecules, such as proteins or RNAs.”% 7! Proteins that undergo phase separation
contain intrinsically disordered regions (IDRs) that self-associate to form oligomers.”?
Many IDR-containing proteins have RNA-recognition motifs that non-specifically bind
RNA and fine-tune phase separation by controlling material exchange, shape, and

rigidity of liquid droplets.”> 73 Proteins that phase separate are often enriched in
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arginine residues that promote phase separation through cation-pi interactions with
aromatic contacts.” In addition, hydrophobic interactions can stabilize phase
separations of low-complexity domains.’®

Membraneless organelles exist as liquids, gels, or solids.”® The most notable
examples of cellular membraneless organelles are the nucleolus and cytoplasmic P-
bodies.”” Less dynamic stress granules (SGs) also form in the cytoplasm and allow
host cells to repress translation and influence messenger RNA (mRNA) stability in
response to various stresses.”® SGs are visible by microscopy within minutes following
stress and contain the RNA binding protein G3BP1 that self-associates to induce SG
formation.”® SGs contain a stable inner core and an outer shell that is formed by weak
electrostatic and/or hydrophobic interactions.® The G3BP1 inner core has limited
circularity and is resistant to dilution (both atypical for liquid droplets) and is
surrounded by a highly dynamic shell structure.% 8! Interestingly, G3BP1 can have
either pro-viral -84 or anti-viral roles 887 in RNA virus infection cycles.

Phase separation of viral proteins has largely been associated with negative-
sense RNA viruses from the Mononegavirales family that form membraneless virus
factories 8 8 such as Negri bodies that form during Rabies virus infections.57- %91 |n
contrast, many positive-sense RNA viruses, including members of the Tombusviridae
family, form membranous replication organelles that concentrate virus replication
complexes.® 9 Recent work has demonstrated that the nucleocapsid (N) protein from
the positive-sense SARS-CoV-2 coronavirus undergoes phase separation stimulated

by the 5 end of its genomic RNA.% ° N protein partitions into droplets of
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heterogeneous nuclear ribonucleoproteins like TDP-43, FUS, and hnRNPA2 % and
also interacts with G3BP1, which attenuates SG formation.%”- °8 The role of N droplet
formation in the virus infection cycle is unclear but could be involved in nucleocapsid
assembly and genome processing.®® Although limited evidence for phase separation
of plant virus proteins exists %, a recent study demonstrated that Turnip mosaic virus
inhibits the formation of phase-separated nuclear dicing bodies (D-bodies) that are
responsible for microRNA processing and anti-viral defense.’®! 192 While these
findings demonstrate cellular condensates can possess antiviral activity, examples of
plant virus proteins that use phase separation to support virus-host interactions have
not been reported.

Pea enation mosaic virus 2 (PEMV2) is a small (4,252 nt), positive-sense RNA
plant virus belonging to the umbravirus genus in the Tombusviridae family. The
PEMV2 long-distance movement protein p26 is required for trafficking viral RNA
through the vascular system of infected plants.’® Both p26 and the umbravirus
Groundnut rosette virus (GRV) orthologue (pORF3) form large cytoplasmic granules
104-106 - phut also target cajal bodies in the nucleus and eventually partition in the
nucleolus.3'" 197198 Umbravirus p26 orthologues interact with nucleolar fibrillarin, which
is required for long-distance movement of the viral genomic RNA 31104108 |n gddition
to umbraviruses, polerovirus Potato leafroll virus (PLRV) and the satellite RNA of
potexvirus Bamboo mosaic virus (satBaMV) encode proteins that also localize to the
nucleolus and interact with fibrillarin to support systemic movement.'°%-""" Fibrillarin

forms droplets that make up the dense fibrillar component (DFC) of the nucleolus,
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which shares a similar structure with SGs.8% 112 Although the nucleolus itself is a phase
separation and these plant virus proteins interact directly with fibrillarin, the role of viral
protein phase separation in the infection cycle has not been investigated.

In this report, we demonstrate that PEMV2 p26 assembles viscous
condensates in vivo with low intra-droplet diffusion (i.e., droplets are poorly dynamic).
Viral ribonucleoprotein (VRNP) complexes containing p26, fibrillarin, and PEMV2
genomic RNAs were reconstituted in vitro through phase separation, which we
hypothesize recapitulates the in vivo event necessary for systemic trafficking. Charged
residues played critical roles in p26 droplet formation, nucleolar localization, and
movement of a TMV vector, suggesting that phase separation and virus movement
are connected. Finally, p26 partitions into SGs, and G3BP over-expression restricts
PEMV2 RNA accumulation >20-fold. A G3BP mutant incapable of forming a dense
phase only reduced PEMV2 RNA accumulation by 5-fold, suggesting that phase

separation is involved in the antiviral host response.

Results

p26 forms poorly dynamic condensates in vivo. To visualize and
characterize the material properties of p26 granules in vivo, green fluorescent protein
(GFP) was fused to the C-terminus of full-length p26 and expressed from the
Cauliflower mosaic virus (CaMV) 35S promoter (Figure 2.1A) following agroinfiltration
of Nicotiana benthamiana leaves. To maximize transient gene expression, the p14

RNA silencing suppressor from Pothos latent virus '3 was included in all infiltrations
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for this study. GFP expressed from the CaMV 35S promoter failed to form granules
and was evenly distributed throughout the cytoplasm and nucleus of the cell (i.e.,
outside of the large vacuole that comprises most of the cellular space) (Figure 2.1B,
Left). In contrast, p26wr formed large cytoplasmic granules (Figure 2.1B, Right). To
probe intra-droplet dynamics, we used fluorescence recovery after photobleaching
(FRAP) assays.'* If p26 granules are highly dynamic liquid droplets, then FRAP
recovery should be rapid and complete. Conversely, if p26 forms solid aggregates, no
fluorescence recovery was expected. p26wr granules recovered nearly 50% by 30
seconds post-bleaching (Figure 2.1C), indicating that these p26 droplets had
measurable fluidity. However, since p26wr failed to fully recover, p26 appears to form

viscous condensates in vivo with poor intra-droplet dynamics.
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Figure 2.1 p26 forms poorly dynamic condensates in vivo

(A) Genomic organization of the single-stranded positive-sense RNA genome of
PEMV2. Free GFP and p26 C-terminally fused with GFP (p26wt) were expressed from
binary expression plasmids under the constitutive CaMV 35S promoter. (B) Free GFP
or p26wr were agroinfiltrated alongside the p14 RNA silencing suppressor
in N. benthamiana and imaged at 2 dpi using confocal microscopy (488 nm). Note that
the maijority of plant mesophyll cells is taken up by a single large vacuole. Differential
interference contrast (DIC) microscopy was used for p26wr to visualize cell borders.
Bar scale: 20 um. (C) FRAP analyses were performed by photobleaching cytoplasmic
condensates and monitoring fluorescence recovery at 5 s intervals. A representative
p26wr condensate is shown before photobleaching, immediately following
photobleaching (5 s), and at 120 s. Bar scale 5 um. Average FRAP intensity is shown
from seven FRAP experiments and shaded area represents standard deviations.
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p26 contains an intrinsically disordered region (IDR) and phase separates
via electrostatic interactions. Since IDRs typically drive phase separation 5, we
subjected p26 to the IDR prediction program IUPred '8, which identified an arginine-
rich disordered region spanning amino acids 1-132 (Figure 2.2A and B). The same
region was also predicted to have the highest propensity to phase separate using the
catGRANULE algorithm (Figure 2.2C).""” To determine if the identified p26 IDR drives
droplet formation, IDRwt or amino acids 133-226 (C-term) along with N-terminal
histidine tags or the tag alone was fused to the N-terminus of GFP, and proteins
purified after expression in E. coli. were assessed for size and purity by SDS-PAGE
(Figure 2.2D). To assay for induction of phase separation, proteins were combined
with 10% PEG-8000 and droplet formation was observed by confocal microscopy and
by measuring solution turbidity (ODsoo). As expected, IDRwr assembled into
condensed droplets as observed by both confocal microscopy (Figure 2.2E) and
turbidity assays (Figure 2.2F). In contrast, both free GFP and C-term remained in a
single phase (Figure 2.2E and F). N-terminal histidine tags did not influence IDRwr
phase separation propensity, particle size, or resistance to 1,6-hexanediol that
selectively dissolves liquid condensates''® (Figure S2.1, Appendix). However, FRAP
recovery of IDRwr dramatically increased following His-tag removal suggesting that

the histidine tracts influenced droplet dynamics in vitro (Figure S2.1, Appendix).
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Figure 2.2 p26 is intrinsically disordered and phase separates through
electrostatic interactions

(A) The p26 IDR (amino acids 1-132) is shown with highlighted residues
corresponding to basic (blue) or acidic (red) residues. The conserved nuclear
localization signal (NLS) is highlighted in yellow. (B) Graphical representation of
predicted intrinsic disorder in p26 using IUPRED."® (C) Graphical representation of
predicted phase separation propensity within p26 using the catGRANULE
algorithm.'29 (D) N-terminal His-tagged recombinant proteins were analyzed by SDS-
PAGE to assess size and purity. Proteins were stained using Coomassie Blue. Marker
(M) sizes are shown in kilodaltons (kDa). IDRr/ik-c migrated more slowly than expected
both in vitro and in vivo (see Fig 6B). (E) In vitro droplet formation was visualized by
confocal microscopy. Eight micromolar protein was used for all assays and 10% PEG-
8000 was added as a crowding agent (Middle panels). One molar NaCl was added to
disrupt electrostatic interactions (Right panel). Bar scale: 20 um. Images in all panels
are representative of at least two independent experiments. (F) Turbidity assays
(ODe00) using either 8 uM or 24 uM protein were performed for all constructs.
**** P<0.0001 by two-way ANOVA with Dunnett’s multiple comparisons test vs. IDRwr.
Error bars denote standard deviations and individual data points (red circles)
represent three biological replicates. (G) Total droplet areas (%) were measured from
confocal images using Imaged. Error bars denote standard deviations and red circles
represent three 20x fields for each assay. *** P<0.001, **** P<0.0001, ns: not
significant using two-way ANOVA with Sidak’s multiple comparisons test. (H) Phase
diagram for IDRwr over a range of protein and NaCl concentrations. Results are
representative of two independent experiments. (I) Mean condensate sizes for IDR
mutants (excluding IDRrk-c) were plotted by cumulative distribution frequency.
Particle sizes were measured from three representative 20x fields using
Imaged. P values represent results from two-tailed Mann-Whitney tests compared to
IDRwr. ns: not significant.
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Electrostatic interactions that drive self-assembly and droplet formation can be
inhibited by high salt concentrations.'?' Confocal microscopy revealed significantly
reduced phase separation of IDRwr in the presence of 1 M NaCl (Figure 2.2E), which
was confirmed by comparing total droplet areas (%) from three representative 20x
fields for each condition (Figure 2.2G). These results support p26 assembling in a
dense phase through electrostatic interactions. To determine the saturation
concentration (Css) of IDRwr and further investigate NaCl-mediated reduction in
droplet formation, a phase diagram was generated using confocal microscopy. The
apparent Csa:was 2 yM and IDRwr was sensitive to NaCl in a dose-responsive manner
as 600 mM and 800 mM NaCl blocked droplet formation of 2 yM and 4 uM IDRwr,
respectively (Figure 2.2H).

Deletion of IDR sequence 5-RRRARR-3’ (amino acids 100-105), which
comprises a conserved nuclear localization signal (NLS)'?? and 16% of the basic
residues within the IDR, did not affect droplet formation (Figure 2.2E-G),
demonstrating that the NLS is not required for phase separation. However, when all
basic or acidic residues in IDRwr were mutated to glycine (IDRrik-c or IDRp-G,
respectively), IDRrk-c failed to phase separate while IDRpe-c showed significantly
reduced phase separation compared to IDRwrt when examined by turbidity assays
(Figure 2.2F), total droplet area (Figure 2.2G), and mean condensate size (Figure
2.21). At higher concentrations (24 uM), IDRrik-c formed non-uniform aggregates with
significantly reduced circularity compared to IDRwrand IDRp/e-c droplets (Figure S2.2,

Appendix). When all potential cation-pi or hydrophobic interactions were disrupted by
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mutating all arginines to lysines (IDRrk) or all hydrophobic residues to serine
(IDRvuimFyw-s), respectively, total droplet areas, turbidities, and mean condensate
sizes were unchanged compared to IDRwr, demonstrating that cation-pi and
hydrophobic interactions are not required for condensate formation (Figure S2.3,
Appendix). Together, these results support the N-terminal IDR of p26 inducing phase

separation through electrostatic interactions.

Charged residues govern p26 nucleolar partitioning. Umbravirus
movement proteins must access the nucleolus to support systemic virus trafficking.®’
Nucleolar partitioning of full-length p26wr, p26rk-G, p26anLs, Or p26p/E-c Wwas examined
by expressing proteins from a CaMV 35S promoter in N. benthamiana (via
agroinfiltration) and observing localization in cells with DAPI-stained nuclei. As with
ORF3 orthologues 3! 32 104,122 126t was observed in nuclear bodies (e.g., the
nucleolus) in addition to forming cytoplasmic granules (Figure 2.3A). The percentage
of nuclear granules was calculated by manually counting nuclear granules from six
20x fields and dividing by the total granule count calculated using the ImageJ “analyze
particles” function in the 488 nm channel. Approximately 5% of p26wr granules were
nuclear and coincided with published observations for the related GRV pORF3.122
p26rk-c did not form granules but instead was diffusely expressed throughout the
cytoplasm and failed to partition in the nucleolus (Figure 2.3A). p26anLs resulted in
strictly cytoplasmic localization of p26 granules (Figure 2.3A and B). p26pe-c formed

cytoplasmic granules similar to those of p26wr (Figure 2.3A), despite reduced phase
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separation of IDRp/e-G in vitro. However, the portion of p26p/e-c granules that were
nuclear (33%) was 6.5-fold higher compared to p26wr (Figure 2.3B), suggesting that

the net charge of p26 may be influencing nucleolar localization.
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Figure 2.3 Charged residues govern p26 nucleolar partitioning

(A) p26-GFP fusions were expressed from the CaMV 35S promoter
in N. benthamiana leaves following agroinfiltration. Prior to imaging, leaves were
infiltrated with 5 pg/mL DAPI to stain nuclei. 20x and 63x fields are shown. Arrows
denote p26 partitioned inside nuclear bodies (e.g. nucleolus). Bar scale: Top 20 ym;
Bottom 10 pm. Images in all panels are representative of two independent
experiments. (B) Nuclear granules were manually counted from six 20x fields across
three biological replicates. Total granule counts (>2 ym? in size) were counted using
the ImagedJ “analyze particles” tool. Error bars denote standard deviations and data
points (red circles) denote individual 20x fields. ****P<0.0001 unpaired t test, ND not
detected.
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p26 phase separation is required for partitioning into Fib2 droplets.
Fibrillarin (Fib2), which makes up the dense fibrillar component of the nucleolus %3, is
required for systemic trafficking of umbravirus VRNPs.'” 198 The N-terminus of
Arabidopsis thaliana Fib2 (amino acids 7-77) comprises an intrinsically disordered
glycine- and arginine-rich (GAR) domain (Fib2car) (Figure 2.4A) that is common to
fibrillarin across eukaryotes.'?* To determine whether Fib2car is sufficient for Fib2
phase separation, histidine-tagged full-length Fib2 (Fib2rL) or Fib2car were fused to
the N-terminus of mCherry and purified from E. coli for in vitro phase separation
assays (Figure 2.4B). mCherry alone did not form droplets in the presence of 10%
PEG-8000 or under high-salt conditions (Figure 2.4C and D), whereas Fib2r. and
Fib2car readily formed droplets under crowding conditions (Figure 2.4C). In the
presence of 1 M NaCl, Fib2rL droplets, but not those of Fib2car were resistant to high
salt (Figure 2.4C and D). These results indicate that the GAR domain is sufficient to
form Fib2 droplets through electrostatic interactions and is consistent with findings
using mammalian and Caenorhabditis elegans fibrillarin.'12. 125. 126 |n addition, unlike
Fib2ear, Fib2rL condensates are either not strictly dependent on electrostatic
interactions or Fib2rL can form salt-resistant aggregates.

Fib2 functions as a scaffold for recruiting client proteins into the nucleolus and
scaffolds are typically present in excess relative to clients.'?”- 12 During viral infection,
p26 is thought to partition into already formed nucleolar Fib2 droplets ''? and the GRV
p26 ortholog can directly interact with Fib2car.3? Using a 1:6 molar ratio of IDRwt and

Fib2ear, IDRwrt readily partitioned into pre-formed Fib2car droplets in vitro (Figure
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2.4E, Left). When IDRrk-c was added to pre-formed Fib2car droplets, IDRrik-G
remained in the bulk phase and was excluded from Fib2car droplets (Figure 2.4E,
Right, white arrows). These results demonstrate that p26 phase separation is critical

for partitioning into Fib2 droplets, which could play a role in PEMV2 movement.
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Figure 2.4 p26 phase separation is required for partitioning into Fib2
droplets

(A) Graphical representation of predicted intrinsic disorder in A. thaliana Fib2 using
IUPRED."® The N-terminal glycine and arginine rich (GAR) domain is labelled. (B)
The Fib2 GAR domain (Fib2car) and full-length Fib2 (Fib2rL) were fused to mCherry
and purified from E. coliand analyzed by SDS-PAGE. Proteins were Coomassie
stained and molecular weight (kDa) marker is shown. (C) mCherry, Fib2ear, and
Fib2rL were examined by confocal microscopy after inducing phase separation with
10% PEG-8000 alone or in the presence of 1 M NaCl. Eight micromolar protein was
used for all assays. Bar scale: 20 um. Experiments were repeated. (D) Total droplet
areas of Fib2ear and Fib2rL were measured using Imaged. Error bars denote standard
deviations and data points (red circles) represent representative 20x fields (3 total) for
each condition. **** £<0.0001, ns: not significant using two-way ANOVA with Sidak’s
multiple comparisons test. (E) Fib2car droplets were pre-formed using 24 pM protein
before the addition of 4 yM IDRwr or IDRrik-G. Sorting of IDRwr to Fib2 droplets was
observed by confocal microscopy. White arrows indicate exclusion of IDRrk-G from
pre-formed Fib2car droplets. Bar scale 10 um. Images in all panels are representative
of two independent experiments.
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VRNPs required for systemic trafficking can be reconstituted via phase
separation. Movement-competent umbravirus VRNPs consist of Fib2, p26, and the
genomic RNA (gRNA).32 Therefore, we sought to determine whether vRNPs could be
re-constituted in vitro through phase separation. To determine whether full-length
PEMV2 gRNA was sorted to Fib2 droplets, Cy5-labelled PEMV2 gRNA was mixed
with pre-formed Fib2car or Fib2rL droplets at a 1:500 RNA:Fib2 molar ratio (this ratio
was used since earlier work determined that umbravirus RNAs were saturated by
protein interactors under these conditions %5 1%8), PEMV2-Cy5 gRNA was not
efficiently sorted into Fib2car droplets when visualized by confocal microscopy (Figure
2.5A) or measured using Mander’s Overlap Coefficient (MOC, Figure 2.5B), which is
consistent with earlier findings that determined Fib2car does not bind RNA.24 125 |n
contrast, Fib2rL captured a significantly higher portion of PEMV2-Cy5 gRNA
demonstrating that PEMV2 gRNA can efficiently partition in full-length Fib2 droplets
(Figure 2.5A and B). Since p26 must also associate with viral RNAs, PEMV2-Cy5
gRNA was mixed with pre-formed IDRwr droplets using a 1:500 ratio of RNA to
protein. Approximately 50% of the IDRwrt signal spatially overlapped the PEMV2-Cy5
signal when visualized by confocal microscopy and quantified by MOC (Figure 2.5C
and D). Partitioning of PEMV2 gRNA into IDRwr droplets was not unique to PEMV2
since the distantly related carmovirus Turnip crinkle virus (TCV) and non-viral Renilla
luciferase (RLuc) RNAs also sorted into IDRwr droplets with equal propensity (Figure
2.5C and D). Importantly, the N-terminal His-tag of IDRwr did not influence sorting of

RNAs into droplets (Figure S2.1, Appendix). Finally, equimolar amounts of Fib2rL and
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IDRwr (8 uM each) were mixed with PEG, followed by the addition of 16 nM PEMV2-
Cy5 gRNA, which resulted in the formation of droplets containing IDRwr, Fib2rL, and
PEMV2 gRNA (Figure 2.5E). Together, these findings suggest that the formation of

VRNPs in planta may occur in a dense phase with resident p26, Fib2, and viral RNAs.
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Figure 2.5 vRNPs required for systemic trafficking can be reconstituted in
vitro via phase separation

(A) Fib2car and Fib2rL droplets were pre-formed prior to the addition of PEMV2-Cy5
gRNAs at a 1:500 RNA:protein molar ratio. Sorting of Cy5-labelled RNAs into Fib2
droplets was monitored using confocal microscopy. Bar scale: 20 um. (B) The fraction
of Fib2ear or Fib2rL signal that was positive for Cy5-labelled RNA was determined by
MOC analysis using EzColocalization.'?® Error bars denote standard deviations and
individual data points (red circles) represent individual 20x fields (3 total) for each
condition. ***P<0.001 unpaired t test. (C) IDRwr droplets were pre-formed prior to the
addition of PEMV2-Cy5 gRNA, TCV-Cy5 gRNA, or RLuc-Cy5 RNA. Bar scale: 20 ym.
(D) The fraction of IDRwr signal that was positive for Cy5-labelled RNA was
determined by MOC analysis. ns: not significant by unpaired t test. Error bars denote
standard deviations. Three 20x fields were quantified for each condition (red circles).
(E) IDRwr, Fib2rL, and PEMV2-Cy5 gRNA were mixed under crowding conditions. Bar
scale: 10 ym. Images in all Fig 5 panels are representative of at least two independent
experiments.
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Phase separation-deficient p26 mutants fail to systemically traffic a virus
vector. p26 protects PEMV2 subgenomic RNA from nonsense-mediated decay.'%®
Therefore, it is required for efficient PEMV2 RNA replication in single cells.?® Thus, it
is difficult to distinguish the effects of p26 mutations on RNA replication and virus
movement. To separate these two functions, we assayed if p26 mutants could support
movement of a heterologous viral RNA in N. benthamiana. The TMV TRBO vector
contains a coat protein (CP) deletion that allows cell-to-cell movement but not
systemic movement '3°, which can be rescued by umbravirus ORF3 proteins
expressed in trans or from a subgenomic promoter.'93 131 p26 can also systemically
move TRBO when expressed as a GFP-fusion, which allows for visual monitoring of
virus movement. 1%

Local infections were established following agroinfiltration of N. benthamiana
plants (4™ leaf stage) using TRBO vectors expressing either free GFP, p26wr, p26r/k-
G, or p26pe-G (Figure 2.6A). High levels of free GFP and lower levels of wild-type or
mutant p26 were observed at 4 days post-infiltration (dpi) by visual fluorescence and
western blotting using anti-GFP antibodies (Figure 2.6B). Localization patterns of
p26wt and p26p/e-c were unchanged when expressed from either a 35S promoter or
from the TRBO vector and supported the previous finding that p26p/e-c granules were
significantly enriched in nuclei compared to p26wr during virus infection (Figure 2.6C).
Systemic movement of TRBO expressing p26wr was visually apparent by 14 dpi and
was confirmed by RT-PCR whereas TRBO did not move systemically when

expressing free GFP (Figure 2.6D). p26rik-6, which did not phase separate or enter

39



the nucleolus, was unable to support TRBO movement (Figure 2.6D). Surprisingly,
p26p/e-G also failed to support TMV movement despite the ability of IDRp/E-c to form
droplets (albeit less efficiently than IDRwr) and partition into the nucleolus. One
possibility is that increased nucleolar retention of p26p/e-c contributed to the block in
systemic movement, which would imply that nucleolar and virus trafficking by p26 is a
tightly regulated process. Together, these data suggest that p26 phase separation,
nucleolar partitioning, and virus movement are connected and co-dependent on
charged residues. Although deletion of the TMV CP was previously reported to block
systemic movement of the TRBO vector '3°, we routinely observed systemic trafficking
of TRBO-GFP after 3 weeks (Figure S2.4, Appendix). However, TRBO-GFP was
restricted to the petiole and midrib of systemic leaves whereas TRBO-p26wr spread

throughout the veins and invaded the lamina (Figure S2.4, Appendix).
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Figure 2.6 Phase separation-deficient p26 mutants fail to systemically
traffic a virus vector

(A) The TMV-derived TRBO vector lacks CP and is severely impaired in systemic
trafficking. Free GFP, p26wr, p26rik-, and p26pe-c GFP-fusions were expressed from
TRBO after establishing local infections via agroinfiltration (B) GFP-fusion proteins
were visualized and detected in local leaves at 4 dpi by UV exposure (Left) or western
blotting (Right). Pooled samples from 3 biological replicates were used for western
blotting. Rubisco serves as a loading control. Red asterisks denote free GFP or GFP-
fusion bands. (C) Localization patterns of free GFP, p26wr, p26rik-c, and p26pk-G in
TRBO-infected leaves. Nuclear p26wr or p26pe-c granules were counted from five
20x fields across three biological replicates and divided by the total number of
granules (counted with Imaged) to calculate a percentage (%). Bar scale: 20 ym.
Results were compared with p26wr or p26p/e-c expressed from the duplicated 35S
promoter (Figure 3B data is included for comparison). Error bars denote standard
deviations and data points (red circles) represent individual 20x fields. ns not
significant by multiple unpaired t tests. ****P<0.0001 unpaired t test. (D) Systemic
leaves were imaged at 14 dpi. RT-PCR was used to detect the TRBO vector or actin
as a control. -RT: No reverse transcriptase controls. Two pools of 3—4 leaves are
shown for each construct. Results are representative of three independent
experiments consisting of at least 4 plants/construct.
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p26 sorts into G3BP phase separations that restrict PEMV2 accumulation.
Since SGs can have both pro-viral and anti-viral roles in RNA virus infection cycles,
we investigated whether p26 could partition in G3BP SGs. A nuclear transport factor
2 (NTF2) protein with RNA recognition motif (RRM) from A. thaliana functions as a
G3BP-like SG nucleator in plants 32 (Figure 2.7A). As previously demonstrated by
Krapp et. al. 132, RFP-tagged G3BP displays a diffuse cytoplasmic expression pattern
in N. benthamiana under no stress but forms cytoplasmic SGs after heat shock (Figure
2.7B). In mammals, the N-terminal NTF2 domain is required for both G3BP phase
separation and recruitment to SGs 33 34 and here ANTF2 failed to form SGs after
heat shock (Figure 2.7B). During co-expression of p26wr and G3BP from 35S
promoters, p26 partitioned into SGs following heat shock as visualized by confocal
microscopy (Figure 2.7B, white arrows).

To determine whether p26 partitions into SGs during a viral infection, G3BP
was agroinfiltrated into N. benthamiana plants systemically infected with TRBO-p26wr
(Figure 2.7C). p26 condensates co-localize with G3BP demonstrating that p26 and
G3BP can share phase separations during an authentic viral infection (Figure 2.7C).
When native G3BP expression was measured by RT-gPCR at 3 dpi in PEMV2-
infected N. benthamiana leaves, a 61% increase in expression was observed during
infection that could be part of an anti-viral host response (Figure 2.7D). To confirm
that G3BP has an inhibitory effect on PEMV2 accumulation, G3BP was co-infiltrated
with PEMV2 and the p14 silencing suppressor into N. benthamiana. At 3 dpi, PEMV2

accumulation was reduced >20-fold by G3BP over-expression, demonstrating that
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G3BP exerts strong anti-viral activity (Figure 2.7E). Virus accumulation was partially
restored (only 5-fold inhibition) during overexpression of ANTF2 indicating that phase

separation by G3BP is required for maximal anti-viral activity (Figure 2.7E).
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Figure 2.7 p26 is sorted into G3BP phase separations that restrict PEMV2
accumulation

(A) Graphical representation of predicted intrinsic disorder in A. thaliana G3BP using
IUPRED."® G3BP contains an N-terminal NTF2 domain and C-terminal RNA
Recognition Motif (RRM). (B) Following agroinfiltration, G3BP or ANTF2 expression
patterns were visualized at 3 dpi in the absence of stress or after heat shock. During
co-expression, p26 partitioning into G3BP SGs was observed following heat shock
(White arrows). Scale bar: 20 ym. Inset shows western blot using anti-RFP antibodies
to detect full-length G3BP and ANTF2. Rubisco was used as a loading control. Results
represent two independent experiments. (C) G3BP was agroinfiltrated
into N. benthamiana plants systemically infected with TRBO-p26wr. Confocal
microscopy was used to observe co-localization (White arrows) between p26 and
G3BP during virus infection. Scale bar: 20 ym. Results are representative of two
independent experiments. (D) Native G3BP expression was measured in Mock- or
PEMV2-infected N. benthamiana at 3 dpi by RT-qPCR. The agroinfiltrated p14 RNA
silencing suppressor was used as a reference gene. Data is from three biological
replicates (red circles). *P<0.05; student’s t-test. Bars denote standard error. (E)
PEMV2 was agroinfiltrated alone, or alongside either G3BP or ANTF2 (both tagged
with RFP). Western blot confirmed expression of G3BP and ANTF2 (top). RT-qPCR
was used to measure PEMV2 gRNA accumulation and represents 7 biological
replicates from 2 independent experiments (red circles, Bottom). Bars denote
standard error. Brown-Forsythe and Welch ANOVA with multiple comparisons was
used to determine if observed differences were significant. ** P<0.01.
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Discussion

Our study demonstrates that p26 forms viscous droplets in vivo that fail to
recover more than 50% in FRAP assays suggesting that intra-droplet dynamics are
poor. Using vitro assays, we determined that the N-terminal IDR of p26 drives phase
separation through electrostatic interactions since droplet formation was significantly
reduced in the presence of high-salt. Furthermore, mutation of all basic residues to
glycine (R/K-G), prevented p26 droplet formation both in vitro and in vivo. p26rk-c was
also unable to systemically move a TMV vector lacking CP but it remains unclear
whether the block in systemic movement was due to the inability of p26rk-c to phase
separate or to enter the nucleolus, or a combination of both. Since p26 must interact
with Fib2 in phase-separated nucleoli to support virus movement 32, we also
investigated whether IDRwr or IDRrk-c could partition in pre-formed Fib2 droplets.
Unlike IDRwr, IDRrik-Gc remained in the bulk-phase and was excluded from Fib2
droplets suggesting that the ability of p26 to assemble in a dense phase is important
for interacting with Fib2.

While mutation of acidic residues (D/E-G) did not abolish phase separation in
vitro, phase separation was significantly reduced compared to wild-type as measured
by turbidity, total droplet area, and mean droplet size. Phase separation of arginine-
rich peptides can occur through charge repulsion in the presence of buffer
counteranions or RNAs 135 136 which could explain how arginine-rich p26p/e-c forms
droplets. Nucleolar retention of p26p/e-c granules was 6.5-fold higher compared to

p26wrt, which might have resulted from increased protein net charge (p26p/e-c at pH
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7.4 is +36 compared to +14 for p26wr). These findings support earlier work showing
that nucleolar localization of cellular and viral proteins was dependent on the overall
positive charge.'3”- 13 Surprisingly, p26pe-c failed to support movement of a TMV
vector, which may have resulted from increased nucleolar retention.

SGs that are assembled by self-association and phase separation of G3BP can
support or restrict RNA virus replication.'3® 134 Seven A. thaliana G3BP-like
candidates have been identified '*° containing an N-terminal NTF2 domain that is
required for phase separation of mammalian G3BP1."%* G3BP expression was
upregulated during PEMV?2 infection suggesting that G3BP could be expressed as
part of a concerted host response to infection. We determined that PEMV2 RNA
accumulation was severely restricted by over-expression of G3BP but was partially
restored during expression of ANTF2, demonstrating that phase separation of G3BP
enhances anti-viral activity towards PEMV?2.

Since PEMV2 accumulation was not fully restored during ANTF2 expression,
G3BP retains measurable anti-viral activity in the dilute state in the absence of SGs.
Human G3BP1 can bind and promote the degradation of mMRNAs with structured 3’
untranslated regions (3’ UTRs) in conjunction with upframeshift 1 (Upf1) as part of the
structure-mediated RNA decay (SRD) pathway.’®® PEMV2 contains a highly
structured 3' UTR %! and like many RNA viruses is inhibited by Upf1.142 143 Therefore,
G3BP over-expression could enhance SRD targeting of PEMV2 RNAs. While it
remains unknown whether p26 partitioning into G3BP SGs is beneficial or detrimental

for PEMV2 replication, p26 disrupts the Upf1-dependent nonsense-mediated decay
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(NMD) pathway 1% and Upf1 is known to partition into SGs.'#4 Future research will
investigate whether partitioning of p26 into SGs interferes with Upf1- or G3BP-
dependent RNA decay pathways.

In summary, our findings demonstrate that a plant virus movement protein
forms droplets and partitions inside the nucleolus and SG membraneless
compartments. Since nucleolar partitioning is required for virus trafficking and G3BP
SG formation severely restricts PEMV2 replication, our findings highlight both

beneficial and detrimental virus-host interactions mediated by phase separation.

Materials & methods

Construction of plant and bacterial expression vectors. All coding
sequences and cloning strategies for the following constructs are detailed in S1
Supplemental Information 5. Sequences for all primers used in this study are available
in 2.51 Table %. The pBIN61S binary vector was used to express proteins of interest
in plants from the constitutive Cauliflower mosaic virus (CaMV) duplicated 35S
promoter. p26wrt, p26rik-G, p26p/e-c, and p26ans GFP-fusions were PCR-amplified
from synthetic double-stranded DNA fragments (Integrated DNA Technologies,
Coralville, lowa) and cloned into pBIN61S using the BamHI and Sall restriction sites.
p26r/k-c and p26p/e-c constructs contain glycine substitutions for all basic or acidic p26
residues, respectively. p26anLs is missing the coding sequence for amino acids 100-
105 (5-RRRARR-3’) of p26. pBIN61S-GFP has been previously described.'® The

TMV vector pJL-TRBO has been previously described '*° and was a gift from John
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Lindbo (Addgene plasmid # 80082). pJL-TRBO containing p26wr fused to GFP has
also been previously described.'® p26rk.c and p26pe-.c GFP-fusions were PCR
amplified from synthetic DNA fragments with introduced Pacl and Notl restriction sites
for digestion and ligation into the corresponding pJL-TRBO sites. G3BP:RFP contains
the G3BP coding region (accession AT5G43960.1) followed by the coding region of
RFP and was a generous gift from Dr. Bjorn Krenz.'®? To construct ANTF2,
G3BP:RFP was PCR amplified with the coding sequence for amino acids 2-125 of
G3BP omitted. PCR amplification introduced forward BamH| and reverse Sall
restriction sites for cloning into pBIN61S. All ligations used T4 DNA Ligase (New
England Biolabs, Ipswich, Massachusetts) following the manufacturer’s protocol.
pCB-PEMV2 has been previously described #2 and contains the full-length PEMV2
genome under control of a CaMV duplicated 35S promoter and was used to establish
infections in N. benthamiana. All constructs were Sanger sequenced for accuracy.
For C-terminal GFP-fusion recombinant protein production in E. coli, pPRSET
his-eGFP 46 was used as a backbone and was a gift from Jeanne Stachowiak
(Addgene plasmid # 113551). Coding sequences for the wild-type p26 IDR (amino
acids 1-132) or p26 C-terminus (amino acids 133-226) were PCR amplified from a full-
length PEMV2 infectious clone. The coding sequence for the last 10 amino acids of
p26 was omitted from the C-term construct to circumvent proteolysis encountered
during bacterial expression (not shown). Mutant IDRs containing R/K-G, D/E-G, or
ANLS mutations were synthesized (Integrated DNA Technologies, Coralville, lowa) as

double-stranded DNA fragments and were used in restriction digests and ligation
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reactions. IDRwt was cloned into the BamHl restriction site of pRSET his-eGFP and
sequenced for directionality and accuracy. C-term, IDRrk-G, IDRp/E-G, and IDRanLs
were cloned into pRSET his-eGFP using both the Nhel and BamH| restriction sites
and sequenced for accuracy.

Fib2 (accession AT4G25630.1) was cloned by first synthesizing cDNAs from
A. thaliana seedling total RNAs using random hexamers and SuperScript Il reverse
transcriptase according to the manufacturer’s protocol (ThermoFisher Scientific,
Waltham, Massachusetts). Next, the Fib2 coding sequence was PCR amplified using
primers that introduced Nhel and BamHI| restriction sites for cloning the fragment into
PRSET-his-mCherry 47, a gift from Jeanne Stachowiak (Addgene plasmid # 113552).
The resulting construct was full-length Fib2 with a C-terminal mCherry fusion (Fib2rL).
The coding sequence for the Fib2 GAR domain (amino acids 7-77 of Fib2) was PCR
amplified from Fib2rL using primers that introduced Nhel and BamH| restriction sites,
digested, and ligated into corresponding sites of pRSET-his-mCherry to generate
Fib2car. Both constructs contain N-terminal histidine tags for affinity purification and

were sequenced for accuracy.

Agroinfiltration and plant growth. All plant expression constructs used in this
study were electroporated into Agrobacterium tumerfaciens strain C58C1. Liquid
cultures were passaged in media containing the appropriate antibiotics and 20 uM
acetosyringone 1 day prior to infiltration. Overnight cultures were pelleted and

resuspended in a solution of 10 mM MgCl2, 10 mM MES-K [pH 5.6], and 100 uM
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acetosyringone as previously described.'? All agroinfiltrations included a construct
expressing the p14 RNA silencing suppressor from Pothos latent virus and has been
previously described.'3 p14 was agroinfiltrated using a final ODeoo of 0.2 and was
included to enhance transient gene expression. pBIN61S-derived constructs
expressing GFP, p26wr, p26rik-c, p26anLs, or p26o/e-c were agroinfiltrated at a final
ODsoo of 0.4. pJL-TRBO TMV vectors expressing GFP, p26wr, p26rik-G, or p26p/E-6
were also agroinfiltrated at a final ODsoo of 0.4. G3BP and ANTF2 were agroinfiltrated
using a final ODsoo of 0.2. Finally, pCB-PEMV2 was agroinfiltrated alone or co-
infiltrated with G3BP or ANTF2 using a final ODeoo of 0.2 for each construct. Typically,
the 3-5M leaves from young N. benthamiana plants were infiltrated with a 1 mL
syringe. Visualization of nuclei in agroinfiltrated leaves was achieved by infiltrating a
solution of 5 ug/mL DAPI (4',6-diamidino-2-phenylindole) into leaves 45 minutes prior
to confocal imaging. N. benthamiana plants were grown in a humidity-controlled

chamber at 24°C, 65% humidity, and 12-hour day/night schedule (200 ymol m2s™).

Fluorescence recovery after photobleaching (FRAP). p26wt was transiently
expressed from a 35S promoter in N. benthamiana as a GFP-fusion and produced
visible fluorescence by 2 dpi. Leaf samples were wet-mounted and imaged using a
Zeiss LSM 510 Meta confocal microscope with a 20X objective. FRAP was performed
using Zen 2009 software (Zeiss, Oberkochen, Germany) and photobleaching a ~2 ym
diameter region with 100% laser power (488 nm) with subsequent fluorescence

recovery measured at 5 s intervals. Background regions and unbleached reference
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droplets were recorded as controls. Data analysis was performed by subtracting
background intensities, followed by normalization to set the first post-bleach value to
zero as previously described.'*® Seven p26wr droplets were analyzed by FRAP and
data was presented as a fraction of the pre-bleach fluorescence intensity with
standard deviations using GraphPad Prism software (GraphPad, San Diego,

California).

Protein expression and purification. The protein sequences of all
recombinant proteins produced in this study are available in S1 Supplemental
Information 5. Histidine-tagged recombinant proteins were expressed in BL21(DE3)
E. coli (New England Biolabs, Ipswich, Massachusetts) using autoinduction Luria-
Bertani (LB) broth and purified using HisPur™ cobalt spin columns (Thermo Scientific,
Waltham, Massachusetts). Proteins were purified under denaturing conditions
according to the manufacturer’s protocol using 8 M urea. All equilibration, wash, and
elution buffers contained 1 M NaCl to suppress phase separation. Following elution of
recombinant proteins from the cobalt resin, proteins were re-folded through dialysis in
buffer containing 10 mM Tris-HCI (pH 7.0), 300 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol, and 10% glycerol as previously used for the related pORF3 from GRV.1%
Urea was removed in a stepwise fashion by using dialysis buffers containing 4 M urea,
1 M urea, or no urea. Proteins were concentrated using Amicon® 10K Ultra centrifugal
filters and concentrations were measured using a Bicinchoninic acid (BCA) protein

assay (Millipore Sigma, St. Louis, Missouri). Next, protein molarity was determined
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using predicted molecular weights for each protein using ProteinCalculator v3.4

(http://protcalc.sourceforge.net/) and are available in S1 Supplemental Information ©5.

Protein purity was assessed by SDS-PAGE. If necessary, hydrophobic interaction
chromatography using methyl HIC resin was used to further purify and concentrate
GFP-fusion samples according to the manufacturers protocol (Bio-Rad, Hercules,

California).

In vitro phase separation and RNA sorting assays. For in vitro assays,
recombinant proteins were used at a final concentration of 8 uM unless otherwise
noted. Phase separation assays consisted of the following mixture: 8 uM protein, 10
mM Tris-HCI (pH 7.5), 1 mM DTT, 100 mM NacCl, and 10% PEG-8000 to induce phase
separation. High-salt conditions included NaCl at a final concentration of 1 M and “no
treatment” did not include PEG-8000. Turbidity assays comparing IDRwt with controls
or IDR mutants were performed with either 8 uM or 24 uM protein under standard
assay conditions. 100 uL reactions were placed at room temperature for 15 minutes
prior to ODsoo measurements using a 96-well plate reader. Details regarding in vitro
assays using untagged IDRwr or tagged IDRrk and IDRvLivryw-s constructs are
available in S1 Materials and Methods ©°.

Cy5-labelled gRNAs from PEMV2 or TCV were synthesized by T7 run-off
transcription using Smal-linearized full-length infectious clones of PEMV2 (see S1
Supplemental Information %) or TCV 49, Cy5-labelled Renilla luciferase (RLuc) RNAs

were synthesized from PCR products containing a T7 promoter, RLuc ORF, and a 13-
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nt 3’ untranslated region using p2luci plasmid as template '° (see S1 Table for primers
65, Cy5-UTP (APEXBIO, Houston, Texas) was added to in vitro transcription reactions
according to the HiScribe T7 Quick High Yield RNA Synthesis Kit protocol (New
England Biolabs, Ipswich, Massachusetts). Synthesized RNAs were purified using the
Monarch RNA Cleanup Kit (New England Biolabs, Ipswich, Massachusetts). RNA
integrity was assessed by agarose gel electrophoresis and RNA concentrations were
determined using a UV5Nano spectrophotometer. RNAs were mixed with 8 uM IDRwr,
Fib2car, or Fib2r at a final concentration of 16 nM (1:500 RNA:protein ratio). For
observing VRNP formation in vitro, equimolar amounts of Fib2r. and IDRwr (8 uM
each) were mixed with 16 nM PEMV2-Cy5 gRNA since atomic force microscopy
revealed that Fib2 and GRV pORF3 form ring-like complexes with equimolar

composition.%”

Confocal microscopy and image processing. Phase separation during in
vitro assays occurred rapidly and samples were directly loaded onto glass slides for
confocal microscopy. A 20x objective from a Zeiss LSM 510 Meta confocal
microscope with Zen 2009 software was used to visualize droplet formation. IDRwr
and Fib2 droplets were observed after excitation with the 488-nm or 543-nm lines,
respectively. Cy5-labelled RNAs were observed after excitation with the 633-nm laser
line.

Confocal images were used to measure total droplet areas (%) from three

representative 20x fields for each condition. Raw images (.Ism extension) were first
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imported into ImageJ."®" Images were thresholded (typically 500-66535 for 16-bit
images) and total droplet areas (%Area) were measured using the “analyze particles”
function excluding particles <1 pm?in size. Mean droplet sizes were measured from
three representative 20x fields for IDRwr, IDRpE-g, and IDRanLs using the “analyze
particles” function. Particles <0.2 ym? in size were excluded from downstream
analyses. Particle sizes were plotted using a cumulative distribution function (CDF)
for comparing droplet sizes between IDRwt and mutant IDRs.

The number of p26 granules that co-localized with DAPI-stained nuclei after
expression from a 35S promoter or TRBO vector in N. benthamiana were manually
counted from 20x fields. Next, the total number of granules >2 ym? was counted for
each thresholded 20x field using the ImagedJ “analyze particles” function. Thresholds
were used to include only granules in the focal plane of the 20x field. Dividing the
number of nuclear granules by the total granule count yielded the percentage of
nuclear granules for p26wr, p26anLs, or p26p/e-G.

The ImageJ plugin EzColocalization '?° was used to measure colocalization in
multi-channel confocal images. Raw images were imported into ImagedJ and split into
separate channels for GFP/mCherry and Cy5. Default settings including Costes
threshold parameters were used to calculate Mander’s overlap coefficients (MOC) that
measured the fraction of IDRwr, Fib2car, Fib2rL signal that was positive for Cy5-

labelled RNAs from three 20x fields.
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TMV movement assay and RT-PCR. Following agroinfiltration of TRBO
vectors expressing GFP, p26wr, p26rk-c, or p26p/e-c GFP-fusions, fluorescence in
local and systemic leaves was monitored daily using a hand-held long-wave UV lamp.
By 4 dpi, robust local infections were evident, and leaves were imaged (488 nm) using
a Bio-Rad Gel Doc XR System prior to grinding in liquid nitrogen. Total protein was
extracted by resuspending leaf tissue in 1X PBS supplemented with 3% -
mercaptoethanol and EDTA-free protease inhibitor cocktail (Thermo Scientific,
Waltham, Massachusetts). Samples were mixed with 6X Laemmli SDS buffer, boiled,
and separated by SDS-PAGE. A semi-dry transfer method was used to transfer
proteins to nitrocellulose for western blotting using anti-GFP antibodies (Life
technologies, Carlsbad, California) at a 1:5000 dilution. Goat anti-rabbit 1gG (H+L)
conjugated with horseradish peroxidase (Thermo Scientific, Waltham,
Massachusetts) was used as a secondary antibody at a 1:5000 dilution. Blots were
visualized using the Pierce enhanced chemiluminescence kit (Thermo Scientific,
Waltham, Massachusetts). Systemic leaves were harvested at 14 dpi for total RNA
extraction using Trizol. 100 ng total RNA was digested with RQ1 DNase (Promega,
Madison, Wisconsin) and served as template for reverse transcription using iScript
supermix (Bio-Rad, Hercules, California). Controls lacking reverse transcriptase (-RT)
were included for all sample and primer sets. 1 uL cDNA was used as template for 25
cycles of PCR using GoTaq polymerase (Promega, Madison, Wisconsin) targeting the
TMV replicase in the TRBO vector. For loading controls, N. benthamiana actin was

amplified by 31 cycles of PCR. Primer sequences are available in S1 Table 5.
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G3BP expression, SG formation, and visualization. Full-length G3BP or
ANTF2 (RFP-tagged) were transiently expressed in N. benthamiana using
agroinfiltration and visualized 3 dpi using confocal microscopy (543-nm line). Heat
shock of G3BP-expressing plants was performed by incubating plants at 37°C for 45
minutes prior to imaging. p26 partitioning into SGs was observed following heat shock
of plants transiently co-expressing p26wr and G3BP from 35S promoters. To observe
co-localization of p26 and G3BP during virus infection, N. benthamiana plants (3-4
leaf stage) were first infiltrated with TRBO-p26wr. After strong p26wr GFP-fusion
signal was observed in the systemic leaves (typically ~2-3 weeks), G3BP was
agroinfiltrated and leaves were imaged at 5 dpi following excitation with the 488-nm
and 543-nm lines to observe p26 and G3BP, respectively. Using the same protocol as
above, western blotting with anti-RFP antibodies at a 1:5000 dilution (ThermoFisher
Scientific, Waltham, Massachusetts) was performed to examine full-length G3BP or

ANTF2 expression levels following agroinfiltration.

RT-qPCR. Agroinfilirated “spots” were cut from leaves and stored at -80°C.
Samples were ground in liquid nitrogen and total RNA was extracted using the Quick-
RNA Plant Kit (Zymo Research, Irvine, California). An on-column DNase | step was
added using RQ1 DNase (Promega, Madison, Wisconsin). Total RNAs were used as
templates for SYBR green-based one-step reverse-transcriptase quantitative PCR

(RT-gPCR) using the NEB Luna One-Step RT-gPCR kit (New England Biolabs,
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Ipswich, Massachusetts). All primers used in this study were designed using Primer3
152 and were validated by standard curve analysis with PCR efficiencies ranging from
90-110%. Targets included native N. benthamiana G3BP (Transcript ID:
Niben101Scf03456g00002.1) and PEMV2 gRNA. Gene expression was normalized
to the internal control transcripts from the agroinfiltrated p14 RNA silencing
suppressor. All primer sequences are available in S1 Table 5. Expression analyses
were performed by the AACq method using Bio-Rad CFX Maestro software. Target

fidelity was monitored by melt curve analyses and no reverse transcriptase controls.

Statistical analyses. GraphPad Prism (version 9.0.1) software was used for
all statistical analyses in this study. Total droplet areas (%) from confocal images or
turbidities (ODeoo) were compared using a two-way ANOVA with Sidak’s multiple
comparison test. P values <0.001 were considered significant. Mann-Whitney tests
were used to compare ranked droplet sizes (um?) from confocal images. P values
<0.001 were considered significant. An unpaired t test was used to determine if
differences in nuclear localization of p26wr or p26pke-c granules were significant.
Mander’s Overlap Coefficient (MOC) values were compared using either an unpaired
t test (2 samples, Figure 2.5B) or a one-way ANOVA with Tukey’'s multiple
comparisons test (3 samples, Figure 2.5D). P values >0.001 were considered not
significant. Nuclear localization of p26wr or p26p/e-c expressed from a 35S promoter
or TRBO vector was compared using multiple unpaired t tests. P values >0.001 were

considered not significant. Following RT-gPCR, relative G3BP gene expression
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values were compared using an unpaired t test. PEMV2 RNA levels were compared
using Brown-Forsythe and Welch ANOVA tests and Dunnett’s multiple comparisons

test. P values <0.05 were considered significant.
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CHAPTER 3
3. VIRAL CONDENSATES FORMED BY PEA ENATION MOSAIC VIRUS 2

SEQUESTER RIBOSOMAL COMPONENTS AND SUPPRESS TRANSLATION

Adapted with permission from Brown, S. L.; May, J. P. Viral condensates formed by
Pea enation mosaic virus 2 sequester ribosomal components and suppress
translation. Virology 2025, 601, 110301. DOI:
https://doi.org/10.1016/j.virol.2024.110301. ©2024 This manuscript version is made
available under the CC-BY-NC-ND 4.0 license

Chapter Summary

Viral proteins with intrinsic disorder can undergo liquid-liquid phase separation
(LLPS), forming condensates that facilitate specific stages of virus replication cycles.
However, the impact of viral condensate formation on essential cellular processes,
such as translation, is unclear. Our previous research showed that the long-distance
movement protein p26 from Pea enation mosaic virus 2 (PEMV2) undergoes phase
separation to form cytoplasmic condensates and to partition into the nucleolus.
Nevertheless, the effects of p26 condensates on cellular processes remained unclear.
In this study, we performed mass spectrometry on affinity-purified p26 condensates
from Saccharomyces cerevisiae. Enriched proteins were ribosomal, but there was no
significant overlap with known stress granule or processing body constituents,
suggesting that p26 condensates are distinct and sequester RNA-binding proteins

involved in translation and ribosome biogenesis. Puromycin incorporation assays and
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polysome profiling revealed that p26 suppresses global translation and ribosome
assembly in Nicotiana benthamiana, with similar defects observed during the late
stages of PEMV2 infection. Although p26 sequesters the 2'-O-methyltransferase
fibrillarin in cytoplasmic condensates, it does not inhibit translation by altering 2'-O-
methylation of rRNAs. Instead, p26 binds directly to rRNAs, sequestering them into
insoluble complexes and reducing their accessibility. Our data supports a model in
which p26 sequesters rRNAs and ribosomal proteins into condensates during the late
stages of infection, making these components inaccessible for translation and
disrupting ribosome assembly. This impairment may favor viral RNA trafficking over

translation.

p26 Plays an Indirect Role in Virus Accumulation

Following our previous work, we wanted to investigate the function of p26
condensates and identify what role they play in virus infection. Virus-induced
membraneless organelles are often associated with replication, likely because many
viral condensates have been identified as virus factories for -sense RNA viruses. Viral
condensates have also been reported in conjunction with +sense RNA virus infections
29, 31,61  despite +sense virus replication factories being membrane-associated.>* 58
Thus, we hypothesized that p26 condensates served a function outside of virus
replication.

In support of this, it has been shown that mutating the p26 start codon in

PEMV2 reduces the accumulation of viral RNA 4-fold but does not completely inhibit
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viral accumulation.?® The decrease in viral accumulation is likely a result of nonsense-
mediated decay (NMD), an RNA degradation pathway that poses a threat to many
RNA viruses.?® PEMV?2 is targeted by the NMD pathway, but previous work has shown
that p26 is able to confer protection for cellular and viral MRNAs against NMD.2° NMD
targets transcripts with premature termination codons (PTCs), long 3’ untranslated
regions (UTRs), and functional mRNA to protect the host from expressing truncated
proteins and to modulate gene expression.?® Often, +sense ssRNA viruses have
highly structured and multi-functional 3’ untranslated regions (UTRs), which allow the
3'UTR to regulate processes like viral replication, translation, and the host immune
response.’? Due to the presence of a long 3' UTR, RNA viruses are particularly
susceptible to RNA degradation pathways, like nonsense-mediated decay (NMD).?°
RNA viruses must circumvent RNA decay to sustain virus accumulation. Therefore,
we believe p26 plays an indirect role in virus accumulation as opposed to forming
condensates that directly contribute to viral replication.

The mechanism for p26-mediated protection of host and viral transcripts
against NMD is still unclear, though it's been proposed that p26 condensates may
facilitate this phenomenon.?® Previous work with GRV has shown that ORF3, a p26
orthologue, binds ssRNA, ssDNA and dsRNA with seemingly no specificity.?% 1% |t was
posited that p26 may sequester host and viral mMRNAs into p26 inclusion bodies to

safeguard the transcripts from NMD surveillance.?°
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Introduction

Condensates that form through liquid-liquid phase separation (LLPS) can play
important roles in organizing cellular components and regulating basic cellular
processes like genomic organization %5, transcriptional regulation 156, and translation
157 Nearly all viruses interact with cellular condensates during infection, frequently
redirecting host proteins from these condensates to viral replication sites.'>® For
instance, numerous families of RNA and DNA viruses divert proteins from stress
granules and processing bodies, disrupting their normal roles in translational
repression and RNA decay to promote viral replication.*’

Viral proteins can undergo LLPS during infection, forming condensates that
play crucial roles in virus replication cycles.'®® 159 Well-studied examples include
condensates formed by negative-stranded RNA viruses in the order Mononegavirales,
which aid RNA replication.'® N protein condensates from SARS-CoV-2 maximize
replication efficiency and promote both nucleocapsid assembly and genome
processing.%' % Similar to animal viruses, plant viruses such as Tomato bushy stunt
virus (TBSV) also form condensates that are essential for efficient virus
accumulation.'®'- 162 The multi-functional p26 movement protein from Pea enation
mosaic virus 2 (PEMV2) undergoes LLPS and transports viral RNAs through the
vascular system of infected plants.®% 193 This process requires interactions between
p26 and fibrillarin 195 198 g 2'-O-methyltransferase that forms the dense fibrillar

component of the nucleolus '%°.
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RNA viruses often employ "shut-off' mechanisms to inhibit host translation,
effectively disrupting cellular protein synthesis to prioritize viral replication. These
mechanisms typically involve the degradation of host mRNAs or the sequestration of
translation machinery.'® Although radical shut-off mechanisms are not common in
plant virus infections '3, several translation factors are relocated to viral replication
complexes formed by tobamoviruses, tombusviruses, and potyviruses 4. While viral
condensates have yet to be directly implicated in host shut-off, several studies suggest
that LLPS-prone viral proteins may play more nuanced roles in regulating or
repressing translation. For example, SARS-CoV-2 N protein interacts with the
translation machinery and forms complexes with nucleophosmin 1 and small nucleolar
RNAs.'%® These interactions increase 2’-O-methylation (2'-OMe) of 18S and 28S
ribosomal RNAs (rRNAs), specifically enhancing the translation of viral RNAs.'%% Next,
condensation of the Human immunodeficiency virus (HIV-1) nucleocapsid suppresses
the translation of viral RNAs to favor virus assembly.'®8 In plants, Potato virus A (PVA)
encodes HCpro, which forms "RNA granules" that can either enhance or suppress the
translation of viral RNAs, depending on their composition. In these granules,
oligouridylate-binding protein 1 (UBP1) suppresses translation, while elF(iso)4E
promotes VPg-dependent translation of viral RNAs.'®” Finally, p26 inhibits the co-
translational nonsense-mediated decay (NMD) pathway that targets PEMV2,
potentially through the translational repression of NMD targets.%6: 142

Viral condensates are increasingly recognized for their role in promoting virus

replication, primarily through concentrating viral and host factors.5* However, despite
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this growing understanding, much less is known about how these condensates
influence basic cellular processes, such as translation. In this study, we demonstrate
that the PEMV2 movement protein, p26, sequesters ribosomal components, leading
to defects in ribosome assembly during infection. Due to the incompatibility between
translation and systemic viral movement of PEMV2 RNAs, we propose that p26
condensates could repress translation to favor virus trafficking during the late stages

of infection.

Results

p26 condensates are enriched with ribosomal proteins and repress global
translation. To characterize the protein interactome of p26 condensates, we
performed mass spectrometry analyses of affinity-purified p26 condensates from
LLPS-enriched fractions in Saccharomyces cerevisiae. Using yeast for proteomics is
common amongst plant virologists %8170 and has been instrumental in identifying
virus-host interactions that are conserved in plants.'”* 172 GFP or p26:GFP constructs
were expressed in S. cerevisiae for 6 hours via a galactose-inducible (GAL1)
promoter. Protein expression was confirmed using confocal microscopy and like our
previous work in Nicotiana benthamiana %, GFP showed a diffuse nuclear-
cytoplasmic expression pattern, whereas p26 formed discernable nuclear and
cytoplasmic foci (Figure 3.1A).

Yeast expressing GFP or p26:GFP were subjected to a modified stress granule

purification method using differential centrifugation "3, followed by affinity purification
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using GFP-Trap. The presence of p26 condensates in the LLPS-enriched fractions
was confirmed by direct visualization using confocal microscopy before affinity
purification and nano LC-MS/MS analysis (Figure 3.1A). To account for non-specific
binding during immunoprecipitation, both the soluble and LLPS-enriched fractions
from GFP-expressing lysates were analyzed by LC-MS/MS. An average of ~300
proteins and 2,059 unique peptides were identified in the p26 condensate samples
(Supplementary Data 1 '74). After applying a 1% false discovery rate (FDR) cut-off,
adjusting for a complete absence of spectral counts in the GFP LLPS control samples,
and an imputed Log2-fold change >2, 44 proteins were identified as significant,
including the known p26 interactor fibrillarin (NOP1) (Figure 3.1B). Interestingly, 18 of
the top 20 most enriched proteins in p26 condensates were ribosomal proteins (Figure
3.1C). When comparing the p26 interactome to the known constituents of stress
granules and processing bodies in yeast 8, only 2 out of the 44 identified p26-
interactors were shared with stress granules (Figure 3.1D). This indicates that p26
condensates are distinct entities that sequester RNA-binding proteins involved in
translation and ribosome biogenesis, as revealed by gene ontology analyses (Figure
3.1E, Supplementary Data 2 '74).

Given the strong association between ribosomal proteins and p26
condensates, we next investigated whether p26 impacts translation. At 6 h post-
induction, global protein synthesis was measured in yeast expressing GFP or
p26:GFP by measuring the uptake of a methionine analog (L-homopropargylglycine)

using Click-iT chemistry and flow cytometry (Figure 3.1F). Mean global translation was
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reduced by 6% in p26-expressing cells compared to GFP control cells (Figure 3.1G).
In the top 10% of p26-expressing cells, the level of translational repression doubled
to >12% (Figure 3.1H). Due to the aforementioned translational repression observed
with p26 expression, we anticipated a decrease in growth rates. Indeed, following
galactose induction, yeast expressing p26 showed a clear growth defect compared to
those expressing GFP (Figure 3.11). However, when protein expression was
suppressed by glucose, S. cerevisiae strains transformed with either GFP or p26
displayed identical growth curves (Figure 3.11). In summary, p26 condensates are
enriched with ribosomal proteins, and p26 expression suppresses global translation,

leading to noticeable growth defects in yeast.
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Figure 3.1 p26 condensates are enriched with ribosomal proteins and repress
global translation

(A) p26 condensates were purified from S. cerevisiae using differential centrifugation
and affinity purification. p26 condensates were visualized in yeast and LLPS-enriched
fractions using confocal microscopy. (B) p26 interactors were identified using a 1%
FDR following nano LC-MS/MS. (C) Top 20 p26 interactors are ranked by normalized
spectral abundance factor (NSAF). Proteins were only included if they were identified
in all p26 LLPS samples and absent from GFP controls. (D) Proteins passing a 1%
FDR were cross-referenced with known stress granule and P-body proteins. (E) Gene
ontology analyses of p26 interactors passing a 1% FDR were performed using the
Saccharomyces Genome Database Go Term Finder (Version 0.86). (F) Overview of
protein synthesis assay in S. cerevisiae using click chemistry and flow cytometry. (G-
H) Flow cytometry analyses measuring global translation (i.e., HPG-Met
incorporation). **** <0.0001 unpaired Mann-Whitney rank test (I) Growth curves of
S. cerevisiae with repressed p26 expression (+glucose) or induced expression
(+galactose). Logistic growth curves represent the mean values from 6-8 biological
replicates, where n=2.
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p26 disrupts ribosome assembly and translation in plants during PEMV2
infection. To confirm that p26 also represses translation in plants, a puromycin
incorporation assay (Figure 3.2A) was used to measure global translation in N.
benthamiana leaves '7° expressing either GFP or p26:GFP. Puromycin inhibits
translation by mimicking aminoacyl-tRNA, causing premature termination of the
growing peptide chain. Proteins were expressed for 2 days following agroinfiltration
and puromycin was vacuum infiltrated into leaves prior to tissue lysis. Puromycin
incorporation (i.e., translation) was then quantified by densitometry following western
blotting with anti-puromycin antibodies. As expected, global translation was repressed
in plants expressing p26, with a 42% reduction observed in leaves expressing p26
compared to GFP (Figure 3.2B).

To determine whether the observed translational repression during p26
expression was due to a defect in ribosome assembly, we performed polysome
profiling to separate and analyze ribosomal complexes based on their size and
density. Interestingly, we observed a significant decrease in monosome formation in
p26-expressing N. benthamiana leaves compared to those expressing GFP (Figure
3.2C). The polysome profiles we observed in control plants resemble those in other
mature leaf tissues, with subdued polysome peaks and difficulty distinguishing the
40S and 60S subunits.'”® To validate these findings in the context of PEMV2 infection,
we also performed polysome profiling using PEMV2-infected plants. We first
measured PEMV2 accumulation in N. benthamiana following agroinfiltration over a 1-

week period, observing an initial phase from 0-2 days characterized by low PEMV2
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levels, followed by a "late" phase from 3-7 days post-infiltration where PEMV2 levels
peaked (Figure 3.2D). Somewhat expectedly, no significant difference in puromycin
incorporation was observed between mock- and PEMV2-infected plants during the
early stages of infection, likely due to the low levels of PEMV2 accumulation at this
stage (Figure 3.2D). Therefore, we performed polysome profiling at 5 dpi in plants
infected with either the wild-type PEMV2 strain or the PEMV2Ap26 mutant, which
carries a start codon mutation preventing p26 expression % and shows a 10-fold
decrease in viral accumulation (Figure 3.2E). Like ectopic p26 over-expression,
PEMV2 infection suppressed monosome and polysome formation; however, ribosome
assembly was restored during infection with PEMV2Ap26 (Figure 3.2F). These results
demonstrate that p26 expression, whether on its own or during virus infection, causes
defects in ribosome assembly and translation. Additionally, our findings suggest that
translation is repressed during the late stages of PEMV2 infection, which could have
implications for virus movement, a process that inherently conflicts with active

translation.
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Figure 3.2 p26 disrupts ribosome assembly and translation in plants during
PEMV2 infection

(A) Overview of puromycin incorporation assay in N. benthamiana. (B) Puromycin
incorporation assay was measured following western blotting with anti-puromycin
antibodies and densitometry. Ponceau S-stained rubisco (large subunit) served as
loading controls and was also used for densitometry normalization. *** P<0.001
unpaired t test. (C) Polysome profiling of GFP- or p26-expressing N. benthamiana was
performed at 3 days post-infiltration. Polysome profile curves represent the mean
absorbances from two independent experiments. Aliquots were collected from free
mRNA, monosome or polysome fractions and separated by gel electrophoresis. (D)
Mock- or PEMV2-infected plants (n=2) were subjected to RT-gPCR targeting PEMV2
and ubiquitin (reference) RNAs. Mock or PEMV2 samples were collected at 2 dpi and
subjected to the puromycin incorporation assay and western blotting with anti-
puromycin antibodies, where the loading control is Ponceau S-stained rubisco (large
subunit). Quantification, via densitometry, is reported as mean + standard deviation
from five biological replicates. ns not significant unpaired t test (E) Wild-type and
mutant PEMV2 virus accumulation was quantified at 5 dpi using RT-qPCR. GAPDH
transcripts served as the reference for relative PEMV2 levels, with wild-type levels
normalized to 5 dpi PEMV2 in Panel D. * P<0.05 unpaired t test. (F) Polysome profiles
from wild-type or mutant PEMV2-infected plants (5 dpi). Polysome profile curves
represent the mean absorbances from two independent experiments. Free GFP and
p26:GFP polysome profiles from Panel C are included for comparison (dashed lines).
Aliquots from free mRNA, monosome, or polysome fractions were separated by gel
electrophoresis.
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PEMV2 does not disrupt fibrillarin-mediated 2’-O-methylation of rRNAs. It
is well established that related umbravirus movement proteins must interact with
fibrillarin to establish systemic infections.3' 32 However, it remains unclear whether
p26 or other viral proteins that interact with fibrillarin 77 can influence its 2'-O-
methyltransferase activity. Fibrillarin is primarily responsible for the 2'-O-methylation
(2-OMe) of rRNAs.'7® These 2’-OMe modifications stabilize rRNA structure, influence
base-pairing, and regulate ribosome activity.'”®'®" During p26 expression, fibrillarin
(Fib2) co-localizes with p26 condensates in the cytoplasm, deviating from its typical
nucleolar localization pattern (Figure 3.3A). Furthermore, we confirmed that p26 and
Fib2 directly interact by co-immunoprecipitation analyses (Figure 3.3B). To determine
whether 2’-OMe patterns on rRNAs are altered by p26, we performed RiboMethSeq
to measure changes in 2’-OMe levels during PEMV?2 infection with single-nucleotide
resolution. RiboMethSeq is highly sensitive and can detect changes in 2'-OMe levels
as small as approximately 10%.'82-'85 This method is based on the increased
protection of phosphodiester bonds in RNA from cleavage under alkaline conditions
due to 2-OMe modifications on the 5’-neighboring base.

We performed RiboMethSeq on mock-infected and PEMV2-infected N.
benthamiana plants. Additionally, we included Fib2-silenced N. benthamiana as a
positive control to confirm reduced 2’-OMe levels across rRNAs (Figure 3.3C).
Normalized read count and coverage across the entire 45S rRNA precursor was
nearly identical between mock- and PEMV2-infected samples (Figure 3.3D), ruling out

the possibility that p26 represses translation by decreasing overall rRNA abundance.
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Next, if p26 interferes with rRNA processing, an increase in the number of reads
mapping to the external or internal transcribed spacers (e.g., 5 ETS or ITS1) is
expected. However, we failed to observe any significant increase in rRNA precursors
during PEMV?2 infection (Figure 3.3E), indicating that p26, and therefore PEMV?2, likely
suppresses translation through mechanisms unrelated to rRNA processing.
RiboMethScores were calculated for conserved 18S and 25S rRNA 2’-OMe sites that
were previously validated in Arabidopsis thaliana rRNAs 8. We confirmed the
presence of 2'-OMe at >95% of conserved sites between Arabidopsis and N.
benthamiana (Figure 3.3F). Importantly, nearly all positions had reduced
RiboMethScores in Fib2-silenced plants, confirming the importance of fibrillarin for
rRNA methylation (Figure 3.3F). However, no significant changes in 2'-OMe levels
were observed during PEMV2 infection (Figure 3.3F, Supplementary Data 3 '74). This
suggests that p26’s sequestration of Fib2 into cytoplasmic condensates does not
impact rRNA 2'-OMe modification or contribute to p26-mediated translational

repression.
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Figure 3.3 PEMV2 does not disrupt fibrillarin-mediated 2’-O-methylation of
rRNA

(A) Co-localization between p26:GFP and Fib2:RFP was visualized using confocal
microscopy following agroinfiltration of N. benthamiana. White arrows denote
cytoplasmic co-localization between p26 and Fib2. (B) Co-immunoprecipitation
analyses between p26 and Fib2. GFP-Trap was used to pull-down p26:GFP from N.
benthamiana leaves that were co-infiltrated with Fib2:RFP. Ponceau S-stained
membranes are shown for loading controls. (C) Experimental design for
RiboMethSeq. (D) Normalized read counts across the 45S rRNA precursor for Mock-
or PEMV2-infected samples. (E) The mean normalized coverage of rRNA precursor
regions was determined by calculating the mean normalized read counts for each
region. Biological replicates are shown. (F) RiboMethScores for conserved rRNA 2’-
OMe sites previously validated in A. thaliana are shown for the 18S and 25S rRNAs
during mock or PEMV2 infection. Fib2-silenced plants (VIGS-Fib2) were used as a
control to confirm reduced 2’-OMe levels across rRNAs.
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p26 directly binds and sequesters rRNAs into insoluble condensates.
After determining that p26 does not disrupt rRNA methylation, we investigated whether
p26 binds and sequesters rRNAs into condensates as a potential mechanism for
disrupting ribosome assembly and translation. p26 is a strong RNA-binding protein
and has been shown to non-specifically sequester RNAs into p26 condensates in
vitro.5 Although p26 expression does not change overall rRNA levels, RNA
immunoprecipitation followed by RT-qPCR (RIP-gPCR) revealed that p26 binds
rRNAs with >80-fold greater affinity than free GFP (Figure 3.4A). Similarly, p26 pulled
down GAPDH transcripts with over 220-fold higher affinity compared to GFP,
indicating that p26 associates with both rRNAs and mRNAs. Next, we sought to
determine whether p26 expression affects the solubility of rRNAs and mRNAs,
potentially by sequestering them into insoluble p26 complexes. Alternatively, p26
expression could induce transcriptome-wide RNA condensation, a phenomenon
observed during stress that facilitates the preferential translation of newly transcribed
transcripts.'®” We first fractionated cell lysates to separate soluble and insoluble RNAs
and proteins. p26 migrated to its expected molecular weight in the soluble fraction but
formed high molecular weight complexes (~250 kDa) in the insoluble fraction (Figure
3.4B, Left). These complexes were directly visualized by confocal microscopy and
appeared as rounded condensates (Figure 3.4B, Right). Interestingly, rRNAs and
GAPDH mRNAs consistently shifted from the soluble to the insoluble fractions in p26-
expressing plants compared to GFP controls. On average, rRNAs and GAPDH

transcripts exhibited 10- to 100-fold greater enrichment in the insoluble fraction of
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plants expressing p26 compared to those expressing GFP (Figure 3.4C). These
results indicate that p26 expression reduces the solubility of rRNAs and mRNAs,
either through direct binding and sequestration into p26 condensates or potentially
through a non-specific decrease in RNA solubility related to cellular stress.
Collectively, the decreased solubility and availability of ribosomal components likely
impair monosome formation and translation during p26 expression and the later

stages of PEMV2 infection.
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Figure 3.4 p26 directly binds and sequesters rRNAs into insoluble
condensates

(A) RT-gPCR shows no significant difference between rRNA levels in GFP or p26:GFP
samples. RIP-gPCR was used to measure binding between p26:GFP and rRNAs or
GAPDH mRNAs. * P<0.05; ** P<0.01; *** P<0.0001 unpaired t test. (B) Soluble and
insoluble (pellet) fractions were separated from N. benthamiana leaves expressing
GFP or p26:GFP. Anti-GFP antibodies were used for western blotting. Fractions were
directly visualized using confocal microscopy. (C) Relative levels of rRNAs and
GAPDH mRNAs were measured by RT-qPCR using the ACq method, comparing total
RNA to insoluble RNA in the pellet fraction. A before-after plot shows the relative
Log10 insoluble RNA levels from GFP- and p26-expressing plants from three
independent experiments. ** P<0.01 Ratio paired t test.
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Discussion

Our study provides new insights into how viral condensates can influence basic
cellular processes like translation. p26 condensates are enriched in ribosomal proteins
and p26 directly binds rRNAs, sequestering them into high molecular weight
complexes thereby reducing their solubility (Figures 3.1 and 3.4). Puromycin
incorporation assays and polysome profiling in N. benthamiana demonstrate that p26
expression suppresses global translation and ribosome assembly (Figure 3.2).
Ribosome assembly was also disrupted in PEMV2-infected plants but was partially
restored in a mutant strain lacking p26 expression, confirming the role of p26 in
inhibiting ribosome assembly and translation. The incomplete recovery of ribosome
assembly by the mutant virus may be attributed to the presence of RNA elements in
the 3’ untranslated region (UTR) of PEMV2. PEMV2 RNAs contain 3’ cap-independent
translational enhancers (3’ CITEs) that recruit ribosomal subunits and translation
initiation factors to the 3’ ends of viral RNAs."® One such element, the Panicum
mosaic virus translation element (PTE), enables eukaryotic initiation factor 4E (elF4E)
recognition and cap-independent translation.® We speculate that elevated levels of
PEMV2 RNAs during late infection stages may also contribute to translational
repression. In this context, 3' CITEs could sequester ribosomes and associated
factors, reducing their availability for translating cellular mRNAs.

p26 shares several similarities with the Phytophthora infestans effector protein
Pi23226. Both localize to the nucleolus, associate with ribosomal proteins and RNAs,

and suppress global translation in N. benthamiana.'®® However, unlike Pi23226, which
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disrupts pre-rRNA processing, our RiboMethSeq experiments demonstrate that p26
does not affect rRNA methylation or processing (Figure 3.3). Translational repression
profiles similar to those observed with p26, characterized by reduced monosome and
polysome formation, have been reported during proteotoxic stress, expression of
aggregation-prone peptides, and chronic stress.'®! Given the intrinsic disorder ¢ and
insolubility of p26 (Figure 3.4), we hypothesize that its high expression levels could
create a proteotoxic challenge, leading to translational repression. Finally, our results
provide a possible explanation for previous research reporting that p26 inhibits the co-
translational NMD pathway.'% Here, global suppression of translation by p26 likely
counteracts RNA surveillance activity by upframeshift 1 (UPF1) and the NMD
machinery.'9?

p26 non-specifically binds RNAs, and its expression induces significant
changes in rRNA and mRNA solubility after condensation (Figure 3.4). It is unclear
whether this reduced solubility results from direct co-condensation with p26 or reflects
a broader cellular response to translational repression and stress.3* Regardless, we
hypothesize that increased condensation of rRNAs and mRNAs during p26
expression contributes to defects in ribosome assembly and translation. Our data
indicates that p26 suppresses translation during the later stages of infection. While we
have not specifically measured the translational efficiency of viral RNAs during the
late stages of PEMV2 infection, we suspect that PEMV2 RNAs are not immune to the
translational repression caused by p26. Instead, we hypothesize that reduced global

translation facilitates the formation of movement-competent ribonucleoprotein (RNP)
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complexes comprising PEMV2 RNAs, p26, and fibrillarin. This hypothesis is supported
by two key observations: i) p26 is expressed from a subgenomic RNA only after RNA
replication, making it less abundant in early infection stages '°3; and ii) p26
condensate formation is concentration-dependent, occurring only when p26 levels
exceed a critical threshold (Csat) for condensation 5. Given p26’s non-specific RNA
binding and its association with ribosomal proteins, we propose that p26 induces
condensation of ribosomal components and cellular transcripts late in infection. This
suppression of global translation likely aids in virus movement, a process that is

incompatible with active translation (see Figure 3.5 for model).
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Figure 3.5 Translational repression via p26-mediated sequestration of
biomolecules

Proposed model for how p26 condensates sequester translation-associated
biomolecules and suppress translation. Inset shows N. benthamiana cell expressing
p26:GFP and Fib2:RFP. Yellow and white arrows denote nuclear and cytoplasmic
condensates, respectively. Sequestration of rRNAs and ribosomal proteins into p26
condensates limits ribosome association with viral RNAs and favors viral
ribonucleoprotein (VRNP) complex formation consisting of PEMV2 RNAs, p26, and
Fib2. vVRNPs can move through plasmodesmata (PD) to move cell-to-cell and
establish systemic infections.
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Conclusion

Our study highlights how condensates formed during PEMV2 infection can
disrupt basic cellular processes. We demonstrate that p26 condensates sequester
ribosomal proteins and rRNAs, leading to defects in ribosome assembly and global
translation suppression. This translational repression could function as a switch to
promote the formation of ribonucleoprotein complexes, enabling viral RNA trafficking
and systemic spread. These findings contribute to the broader understanding of how
viruses exploit phase separation mechanisms to sequester host machinery, a strategy
that is increasingly recognized as a key aspect of viral replication and pathogenicity in

diverse virus families. %4

Materials & Methods

Construction of yeast and plant expression plasmids. For yeast
expression, free GFP or p26:GFP were expressed from pYES2 vectors (Invitrogen,
Cat No. V825-20) containing the yeast GAL1 promoter which allows for galactose-
inducible and glucose-repressible protein expression in S. cerevisiae. GFP was PCR-
amplified with forward and reverse primers designed to adjoin BamH| and Xhol
restriction sites, respectively. GFP was digested with BamH| and Xhol restriction
enzymes then ligated into the corresponding restriction sites of pYES2 to create
pYES2-GFP. PCR-amplification of p26:GFP from previously reported constructs °
was accomplished using a forward primer and reverse primer to add BamH| and Xbal

restriction sites, respectively. Following digestion, p26:GFP was cloned into the
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corresponding restriction sites of pYES2 to generate pYES2-p26:GFP. Ligation for
both constructs was achieved using T4 DNA Ligase (New England BioLabs; Ipswich,
Massachusetts) according to the manufacturer’s protocol. Binary plasmids containing
the Cauliflower mosaic virus (CaMV) duplicated 35S promoter were utilized to express
constructs in N. benthamiana plants. The pBIN61S vector was used to express p14,
GFP, or p26:GFP downstream of the CaMV 35S promoter. pBIN-p14 contains the
silencing suppressor p14 from Pothos latent virus and has been previously
reported.”3 pBIN-GFP, pBIN-p26:GFP, and binary PEMV2 vectors have been
previously described.?® 85 145 An entry clone for Fibrillarin 2 (AT4G25630, pENTR223)
was obtained from the Arabidopsis Biological Resource Center (ABRC, Columbus,
Ohio) and used to transfer Fib2 into the destination vector pGWBS555 using Gateway
LR Clonase Il enzyme (Invitrogen, Waltham, Massachusetts) to create an N-terminal
mRFP fusion following the CaMV 35S promoter (pGWB555 was a gift from Tsuyoshi
Nakagawa) (Addgene plasmid # 74885).'% Virus-induced gene silencing (VIGS)
vectors pTRV1 (stock #: CD3-1039) and pTRV2 (stock #: CD3-1040) were acquired
from ABRC. The Sol Genomics Network VIGS Tool % was used to determine the
optimal sequence to target Fib2 in N. benthamiana. A double-stranded gene fragment
(Azenta Life Sciences; South Plainfield, NJ) spanning nucleotides 207-506 of Fib2
cDNA (GenBank: AM269909.1) was designed with 5’ Xbal and 3’ BamHl| restriction
sites. This fragment was PCR-amplified, digested, and ligated into the multiple cloning

site of pTRV2 using the respective restriction sites, generating pTRV2-Fib2. The
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accuracy of the constructs was verified by Sanger sequencing. All primers used in this

study are listed in Supplementary File 1 174,

Condensate isolation and immunoprecipitation. pYES2-GFP or pYES2-
p26:GFP constructs were transformed into Saccharomyces cerevisiae (BY4741)
using the Frozen-EZ Yeast Transformation Il kit (Zymo Research; Irvine, California).
Cultures were grown in CSMYRA- (complete supplement mixture without uracil)
supplemented with 2% glucose overnight at 30°C. Protein expression was induced by
resuspending cell pellets in CSMYRA- supplemented with 2% galactose to an optical
density at 600 nanometers (ODeoo) of ~0.2, measured with a spectrophotometer UV5
Nano (Mettler Toledo; Columbus, Ohio). Cultures were incubated at 30°C for 6-8
hours and grown to log phase (ODeoo of 0.4-0.6). Cells were pelleted at 3,000 x g for
2 minutes and the supernatant was discarded. Pellets were then snap-frozen in liquid
nitrogen and stored at -80°C overnight. Cells were resuspended in lysis buffer (50 mM
Tris HCI pH 7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 0.5 mM
dithiothreitol (DTT), 50 pg/mL heparin, 0.5% Nonidet P-40 (NP40), 1:5000 antifoam
B, EDTA-free protease inhibitor tablet (Thermo Scientific, Cat no. A32955), RNase
inhibitor) and transferred to a microcentrifuge tube on ice. Cells were lysed with acid-
washed beads on a digital cell disruptor for 2 minutes followed by incubation on ice
for 2 minutes (x2 cycles). All centrifuge steps were performed at 4°C unless otherwise
stated. Cleared lysates were centrifuged at 16,800 x g for 10 minutes. The supernatant

was discarded, and condensate-enriched pellets were washed with lysis buffer and

88



centrifuged at 14,000 x g for 10 minutes. Condensates were released from cell pellets
by the addition of 2 M urea in lysis buffer followed by a low-speed spin at 900 x g for
2 minutes. Condensate-enriched supernatants were either imaged using a 63x
objective (Zeiss LSM 510 Meta confocal microscope with Zen 2009 software) or stored
at -80°C.

GFP-Trap agarose beads (Chromotek; Rosemont, lllinois) were equilibrated in
lysis buffer + 2M urea and washed 2 additional times using a magnetic separation
tube rack for buffer removal. Enriched condensates were diluted to 500 pL in cell lysis
buffer + 2M urea and added to the equilibrated agarose beads (20 uL of the diluted
condensates were collected and set aside as the input fraction). Immunoprecipitation
was carried out per manufacturer’s instructions using lysis buffer + 2M urea. The
beads were resuspended in 2X Laemmli SDS buffer and incubated at 95°C for 10

minutes to dissociate complexes.

Mass spectrometry. The GFP lysate and the condensate fractions from GFP
or p26:GFP samples were each collected, as described above, from three biological
replicates and sent to MS Bioworks (Ann Arbor, Michigan) for LC-MS/MS analyses. A
combination of short SDS-PAGE and in-gel trypsin digestion was used to prepare
samples for nano LC-MS/MS using a Waters M-Class LC system interfaced to a
ThermoFisher Fusion Lumos mass spectrometer. Data-dependent acquisition (DDA)
mass spectrometry was conducted, operating the Orbitrap at 60,000 FWHM and

15,000 FWHM for MS and MS/MS, respectively. Mascot (Matrix Science) was used
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to search the UniProt Saccharomyces cerevisiae database. Scaffold (Proteome
Software) was used to generate a non-redundant list of the identified proteins for each
sample. The data was filtered using a 1% false-discovery rate (FDR) for proteins and
peptides, and two unique peptides were required per identified protein. To compare
log2 fold change values, an imputation of 0.2 was applied to replicates that had 0
spectral counts for an identified protein. The normalized spectral abundance factor
(NSAF) was calculated for each protein using the spectral counts (SpC), molecular
weight of the protein (MW, reported in kDa), and the total number of proteins (N)

applied to this equation: NSAF = (SpC/MW)/Z(SpC/MW)n.

Protein synthesis assay and flow cytometry. Transformed BY4741 strains
were cultured in CSMYRA- supplemented with 2% glucose and incubated overnight at
30°C. Protein expression was induced as detailed earlier for condensate isolation.
Cultures were adjusted to a starting ODeoo of 0.3 and incubated at 30°C for 6-8 hours
until an ODeoo of 0.6-0.8 was reached. Cells were pelleted at 1,800 x g for 5 minutes
and washed 3 times with CSMMET/URA- (CSM that does not contain methionine or
uracil) + 2% galactose. The pellet was resuspended in the wash medium and
incubated at 30°C for 30 minutes, followed by centrifugation at 1,800 x g. The cells
were resuspended in Click-iT® working solution (CSMMET-URA- " 204, galactose, 50 uM
Click-iT® HGP reagent) and incubated at 30°C for 30 minutes. Cells were pelleted
and washed with 1X PBS (phosphate buffered saline), resuspended in 1XPBS + 3.7%

formaldehyde, and incubated at room temperature for 15 minutes. Samples were
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washed and prepared for flow cytometry following the manufacturer’s protocol (Click-
iT™ HPG Alexa Fluor™ 594 Protein Synthesis Assay Kit). A BD FACSCalibur (BD
Biosciences) flow cytometer was used to measure incorporated HPG (L-
homopropargylglycine, a methionine analog) into proteins during protein synthesis.

10,000-100,000 cells were analyzed for both HPG incorporation and GFP expression.

Growth curves. Liquid cultures of BY4741 expressing either GFP or p26:GFP
were started from a single colony in CSMYRA- supplemented with 2% glucose and
grown overnight at 30°C with gentle agitation. Cells were pelleted and resuspended
in CSMUYRA- supplemented with either 2% glucose or 2% galactose to an ODeoo of 0.4.
The culture was then diluted 4-fold in a 96-well plate containing the previously
specified media to a final ODeoo of 0.1. Plates were incubated in the BioTek Synergy
H1 Multimode Reader (Agilent; Santa Clara, California) for 36 hours at 30°C with
constant shaking. ODsoo and fluorescence readings (488 nm) were recorded at 20-

minute intervals using the BioTek Gen5 software (Agilent; Santa Clara, California).

Agroinfiltration. Binary constructs were transformed into C58C1
agrobacterium via electroporation. Cultures were grown in Luria Broth (LB) medium
with applicable antibiotics at 30°C overnight before passaging into fresh media with
antibiotics and 20 pyM acetosyringone. Following overnight incubation, cultures were
centrifuged and resuspended in (10 mM MgCl;, 10 mM MES-K (2-

morpholinoethanesulphonic acid potassium) pH 5.6, 100 uM acetosyringone). The
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ODsoo was measured using spectrophotometer UV5 Nano (Mettler Toledo; Columbus,
Ohio) and diluted to the appropriate optical density in the resuspension buffer. To
promote transient gene expression, the silencing suppressor p14 from Pothos latent
virus was added to all agroinfiltration solutions at a final ODsoo of 0.2, unless otherwise
noted. pBin-GFP, pBin-p26:GFP and pGWB555-Fib2:RFP were infiltrated at an ODeoo
of 0.4, whereas the viral constructs pCB-PEMV2 and pCB-PEMV2Ap26 were
infiltrated at an ODeoo of 0.2. For VIGS experiments, empty pTRV2 (control) or pTRV2-
Fib2 was infiltrated in conjunction with pTRV1 at a final ODsoo of 0.4, as previously
reported.’®” The silencing suppressor p14 was excluded from all VIGS infiltrations.
Solutions were incubated at room temperature for 2 hours prior to infiltration into the
underside of N. benthamiana leaves using a 1 mL syringe. N. benthamiana plants
were grown at 25°C following a 12-hour light/dark cycle at 65% relative humidity in a
growth chamber (Caron; Wernersville, Pennsylvania) with an LED light intensity of 250

umol m2s,

Puromycin incorporation and western blotting. N. benthamiana leaves
were collected at 2 dpi following agroinfiltration. Leaves were lacerated and placed
into a clear 6-well culture plate before resuspension in 4 mL of Murashige & Skoog
buffer (2 MS medium, 1% sucrose, 100 uM puromycin). Tissue fragments were
subject to vacuum infiltration for 2 hours and then washed with 1X PBS. Vacuum-
infiltrated leaf tissue was then snap-frozen with liquid nitrogen, ground into a fine

powder, and resuspended in a buffer containing 1X Tris-buffered saline (TBS), 3% 2-
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mercaptaoethanol and supplemented with protease inhibitors (Thermo Scientific, Cat
no. A32955). Proteins were separated via 10% SDS-PAGE and transferred to a
nitrocellulose membrane. Membranes were treated with Ponceau S for 2 minutes to
stain for the rubisco large subunit (loading control). Membranes were blocked in 1X
TBS-T+BSA (TBS, 0.1% Tween 20, 3% BSA) for 2-4 hours at room temperature prior
to incubation with the primary antibody (1:10,000 anti-GFP [Invitrogen, Cat No. PA1-
980A] or 1:25,000 anti-puromycin [MilliporeSigma, Cat No. MABE343]) overnight at
4°C with gentle agitation. Membranes were washed and incubated with Invitrogen
horseradish-peroxidase (HRP) conjugated secondary antibodies (1:10,000 dilution)
for 45 minutes at room temperature. Blots were washed and visualized using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific).
Blots were imaged using the Azure 600 biosystem or the Bio-Rad ChemiDoc MP

Imaging System.

Polysome profiling and RNA enrichment analyses. 7 to 47% (w/v) sucrose
gradients (20 mM Tris-HCI pH 7.5, 60 mM KCI, 10 mM MgClz, 1 mM DTT) were
prepared in 5 layers (7%, 17%, 27%, 37%, and 47%) in 13.2 mL ultracentrifuge tubes
(Beckman Coulter; Brea, California), snap-frozen in liquid nitrogen and stored at -
80°C. Gradients were thawed at 4°C 12-36 hours prior to use. Leaves were collected
at 3 dpi (GFP, p26:GFP) or 5 dpi (PEMV2, PEMV2Ap26). Infiltrated leaf tissue was
ground in liquid nitrogen with a mortar and pestle and resuspended in polysome

extraction buffer (20 mM Tris-HCI pH 7.5, 60 mM KCI, 10 mM MgClz2, 1 mM DTT, 5.26
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mM EGTA, 0.5% NP40, 0.2 mg/mL heparin, 50 yg/mL cycloheximide, 50 pg/mL
chloramphenicol) + RNase inhibitors and incubated on ice for 10 minutes. Lysates
were filtered using 60 um nylon mesh before centrifugation at 16,000 x g for 15
minutes at 4°C. Lysate supernatants were collected, and pellets were resuspended
with a pipette in lysis buffer and kept on ice for later use. Lysate supernatants were
added in equal amounts to each gradient tube. Samples were subject to
ultracentrifugation with the Beckman Optima L-90K Ultracentrifuge (Beckman Coulter;
Brea, California) at 32,000 rpm for 2 hours and 45 minutes at 4°C in a SW41-Ti rotor
(Beckman Coulter; Brea, California). 200 yL fractions were collected from the
uppermost layer and added sequentially to each well in a pre-chilled UV-Star 96-well
plate (Greiner Bio-One; Monroe, North Carolina) until the entire gradient had been
aliquoted. The absorbance for each sample was measured at 260 nm using a BioTek
Synergy H1 Multimode Reader (Agilent; Santa Clara, California). GraphPad Prism
version 10 was used to create a polysome profile by plotting the measured
absorbance values (OD260) versus each fraction of the gradient followed by 4™ order
smoothing. Each polysome curve represents the mean absorbance values between

replicates.

RiboMethSeq. Infiltrated leaf tissue was collected at 3 dpi for PEMV2 and 11
dpi for VIGS samples. Total RNA was isolated from 100 mg of leaf tissue and on-
column DNase treated using the RNeasy Plant Mini Kit (Qiagen; Hilden, Germany)

according to the manufactures protocol. RNAs were fragmented by adding 500-800
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ng of total RNA to bicarbonate buffer (pH 9.2) and incubated at 95°C for 8 minutes
before ethanol precipitation and purification. RNAs were end-repaired by
dephosphorylating the 3’ ends using Antarctic phosphatase (New England BiolLabs;
Ipswich, Massachusetts) according to the manufacturer’s protocol. 5 ends were
phosphorylated using T4 PNK (New England BiolLabs; Ipswich, Massachusetts)
before purifying RNA fragments with the RNeasy MinElute Cleanup Kit (Qiagen;
Hilden, Germany). RNA fragmentation was confirmed by visualizing RNA fragments
following gel electrophoresis. small RNA (sRNA) libraries were generated at the
University of Missouri Genomics Technology Core. Libraries were sequenced on the
lllumina NovaSeq S4 platform (PE100) with 30 million reads per sample. Raw
sequencing reads and processed data are publicly available for download from the

Gene Expression Omnibus (GEO, NCBI) under accession GSE275487.

Bioinformatics and RiboMethScore calculations. Trimmed FASTQ files
(paired-end) were mapped against either fully processed rRNAs or the 45S precursor
(Genbank: KP824745.1) from N. benthamiana using Bowtie2 %8 with end-to-end (--
very-fast) presets. Normalized read counts across the 45S precursor were calculated
by normalizing raw read counts (samtools depth) with the largest mean in each data
set as 100%. Mean normalized coverage of rRNA precursor regions (e.g., 5 ETS,
ITS1, etc.) were calculated using the mean normalized read counts for each
respective region. Coverage of 5 and 3’ ends was calculated from positive-strand

reads using the bedtools Genome Coverage tool.’®® The positions of 5’ end reads
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were adjusted to the -1 position before calculating total 5’ and 3’ end read counts for
each rRNA position. A custom MATLAB script was used to calculate RiboMethScores
from total end counts using the following equation as previously reported by Galvanin

et. al.?®

SUM(nj*wj) = SUM(nk+Wk)

RiboMethScore = 1 —ni/(0.5 * ( SUMUY)) SUMOVIO

)

Briefly, ni is the total number of 5’ and 3’ end reads at each position. j varies i-2 to i-1
whereas k varies from j+1 to i+2 positions. Weight parameters were set at 1.0 and 0.9

for the -1/+1 and -2/+2 positions, respectively.

RIP-gPCR and rRNA binding analyses. N. benthamiana leaves
agroinfiltrated with pBIN-GFP or pBIN-p26:GFP were collected at 2 dpi. Samples were
ground in liquid nitrogen with a mortar and pestle and suspended in 1 mL of lysis buffer
(50 mM Tris-HCI pH 7.5, 150 mM NacCl, 10 mM MgClz, 10% glycerol, 1 mM EDTA, 5
mM DTT, 1% Triton™ X-100) and incubated on ice for 30 minutes. A portion of each
lysate was aliquoted and set aside on ice as an input sample. Cleared lysates were
added to the GFP-Trap beads and mixed end-over-end at 4°C for 1 hour. The beads
were washed 3 times with lysis buffer and RNA was extracted from both the input
fractions and the agarose beads using TRIzol (ThermoFisher Scientific; Waltham,
Massachusetts). After RNA immunoprecipitation (RIP), a one-step reverse-

transcriptase quantitative PCR (RT-qPCR) was conducted on input or IP RNAs using
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the NEB Luna® Universal One-Step RT-gPCR SYBR Green Kit (New England
BioLabs, Ipswich, MA). Primers targeting N. benthamiana GAPDH, 5.8S rRNA, 18S
rRNA, 25S rRNA, and PEMV2 gRNA are listed in Supplementary File 1 174, RT-gPCR
experiments were completed using the Bio-Rad CFX Connect Real-Time PCR
Detection System and analyzed using Bio-Rad CFX Maestro software. The RNA IP
fractions were normalized to the RNA input fractions using the equation:
ACtNormalized_RIP = Ctip — (Ctinput — Log2 (DF)) where DF is the dilution factor of the input.
The percent input was calculated for each sample using the equation: %Input = 2¢

ACtNormalized RIP]) - Graphs were generated using GraphPad Prism version 10.
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CHAPTER 4

4. CONCLUSION

Previous work with GRV and PEMV2 movement proteins noted large cytoplasmic
inclusion bodies containing ORF3 and p26, respectively, during infection.2% 3 We first
sought to demonstrate that these inclusion bodies were biomolecular condensates
formed as a result of p26 phase separation. At the time, research pertaining to phase
separation in plants was centered on host condensates, thus, research into the role
of phase separation in plant virus-host interactions was almost non-existent.
Biomolecular condensates are typically characterized as dynamic and comprised
primarily of proteins and RNA.33 Our results demonstrate that p26 phase separation
is driven by electrostatic interactions in the N-terminal IDR of p26, leading to the
formation of viscous and poorly dynamic viral condensates. In support of this,
disruption of charged residues in the IDR restricted or abolished p26 phase
separation. Moreover, our findings suggest that p26 phase separation plays a key role
in facilitating virus-host protein-protein interactions, the formation of vRNPs, and
systemic virus movement. Overall, this work undoubtedly demonstrates the
importance of phase separation in promoting virus infections, an idea that had not

been previously investigated for plant virus-host interactions.
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Phase separation can be used by a virus to perpetuate a virus infection, as is the
case with p26 and Fib2; however, host cells may respond in kind, using phase
separation as a tactic for the anti-viral response. Our findings showed that p26 and
G3BP1 can co-partition into condensates during a virus infection, we aimed to
determine if this phenomenon exerted pro-viral or anti-viral effects. G3BP1 is a host
RNA-binding protein that plays a major role in the assembly of stress granules and is
involved in the immune response, mRNA stability, and translation.?®! As a key
multifunctional protein with reports of pro-viral and anti-viral roles, G3BP1 is a
notorious target for viruses.?®’ We found that PEMV2 infection correlates with
increased G3BP1 expression and G3BP1 overexpression restricts PEMV2
accumulation; suggesting that, for PEMV2 infections, elevated G3BP1 expression is
likely part of the anti-viral response by the host. Overexpression of a phase
separation-deficient G3BP1 mutant during infection partially restored PEMV2
accumulation, implying that phase separation is a requirement for G3BP1 to exert the
most severe anti-viral effect. Investigating the mechanics of phase separation and the
conditional biomolecular requirements for condensate formation is imperative to
deepen our understanding of intracellular virus-host interactions. This work supports
the idea that phase separation is a tactic employed by host cells to restrict an infection
and reveals the significance of host protein phase separation in the anti-viral
response.

The next aim of our research was to determine the composition of p26

condensates and what role they may play during an infection. Virus-induced
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membraneless condensates are often associated with -sense RNA virus replication
factories, thus the function and composition of viral condensates formed by +sense
RNA viral proteins were largely unexplored. We found that p26 condensates were
enriched with Fib2 and ribosomal proteins, and had a unique composition compared
to cytoplasmic host condensates, like stress granules and p-bodies. Despite this, gene
ontology of our top hits revealed associations with translation, RNP complexes, and
ribosome biogenesis. Further analyses concluded that overexpression of p26
repressed global translation in yeast (>10%) and plants (~42%). In support of this, we
identified a significant decrease in monosome formation for p26-expressing samples,
which was validated during a PEMV2 infection and consistent with our later findings
that a PEMV2 mutant, lacking p26, partially rescued monosome formation.
Interestingly, a key factor in the ribosome biogenesis process is Fibrillarin, a 2’-O-
methyltransferase that modifies rRNA and an essential host protein usurped by
umbravirus VRNPs.

It's well-established that umbravirus movement proteins, like p26 or ORF3, interact
with fibrillarin, as confirmed by our co-localization, mass spectrometry, and co-IP
results. We aimed to determine if p26-mediated sequestration of Fib2 into cytoplasmic
condensates affected the 2’-O-methyltransferase activity of fibrillarin and thus,
ribosome biogenesis. Analysis of 2’-O-methylation by RiboMeth-Seq, which provides
single nucleotide resolution, showed no significant difference in the 2’-O-methylation
of rRNA for mock-infected and PEMV2-infected samples. Our data also showed that

rRNA abundance and rRNA processing were not altered in p26-expressing samples.
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However, our data did suggest that p26 seemingly binds rRNA and GAPDH transcripts
with a higher affinity than control samples, which was further supported by the
increased levels of insoluble rRNA and GAPDH in p26-expressing samples.
Therefore, we propose that p26 sequesters mRNA, rRNA, fibrillarin, and ribosomal
proteins into cytoplasmic condensates, thereby limiting the availability and
accessibility of fundamental translation factors. This phenomenon may function as a
mechanism to promote virus trafficking, a process that is incompatible with translation.

It's well-known that viruses hijack host translation factors to promote infection. Viral
proteins encoded by DENV and Yellow fever virus (YFV) have been shown to bind
translation initiation factors to promote viral RNA translation.?%? Likewise, translation
elongation factors have been reported as indispensable for WNV and YFV
infections.?%2 However, what role phase separation and +sense RNA virus-induced
condensates might play in modulating host cellular processes, like translation, had not
been investigated prior to this work. Multiple viral proteins from DENV have been
shown to localize to membraneless organelles.?°> For example, the DENV capsid
protein and non-structural protein 5 (NS5) have both been reported to partition in the
nucleolus.?%3 In accordance with our findings, research with DENV found that the viral
NS1 protein interacts with more than 30 ribosomal proteins.>' Interestingly, ribosomal
protein L18 (RPL18) was identified as an NS1-interactor 5! and was among the top 20
p26-interactors identified in our screen. These findings lend support to our model, that

proteins encoded by +sense RNA viruses may entrap ribosomal proteins and other
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translation factors into viral condensates, limiting the host’s accessibility to these
factors.

Phase separation is an exciting topic that is proving to be a cornerstone in the
facilitation of cellular processes. In plants, research into phase separation has been
focused on flowering, immunity and the stress response.®® The research herein
explored the role of phase separation in mediating virus-host interactions in plants, a
concept that, prior to this work, was unexplored. Furthermore, we characterized the
composition of biomolecular condensates generated by a +sense viral protein.
Membraneless organelles formed by viral proteins have long been associated with
virus replication. However, this work reveals translation repression as a potential
function for cytoplasmic viral condensates that might aid virus movement. Moreover,
this research provides a foundation for future investigations into the function and
composition of +sense RNA virus-induced biomolecular condensates. These findings
represent a pivotal step forward in understanding the complexities of phase separation

in virus-host interactions.
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APPENDIX

Supplemental Figures, Chapter 2
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Figure S.1 Characterization of His-tagged and untagged IDRWT

(A) Coomassie-stained SDS-PAGE gel shows expected subtle downward shift by
IDRwr following His-tag cleavage with recombinant enterokinase (rEK). (B) Untagged
or tagged IDRwr droplet formation was monitored under various conditions by
confocal microscopy. Bar scale: 20 um. (C) Total droplet areas (%) were measured
from confocal images using ImageJ. Error bars denote standard deviations and data
points represent individual 20x fields (3 total). ns: not significant by two-way ANOVA
and Sidak’s multiple comparisons test. (D) In vitro turbidity assays (ODsoo) were
performed with 8 uM tagged or untagged IDRwr. Three biological replicates are shown
(red circles). ns: not significant by unpaired t test. (E) Particle sizes of tagged and
untagged IDRwr droplets from three 20x fields were measured using ImageJ. ns: not
significant by two-tailed Mann-Whitney rank test. (F) Droplet dynamics of His-tagged
and untagged IDRwt were measured by FRAP. Results are from 9 FRAP experiments
with shaded areas representing standard deviations for each condition.
Representative droplets and heat map overlays are shown for each construct. (G)
End-point (2 min.) FRAP recoveries were compared between tagged and untagged
IDRwrt. Error bars denote standard deviations and data points represent individual
FRAP experiments (9 total) ****<0.0001 unpaired t test. (H) RLuc-Cy5 RNAs were
mixed with tagged and untagged IDRwr at a 1:500 RNA:protein ratio. The fraction of
IDRwrt signal that was positive for Cy5-labelled RNA was determined by Mander’s
Overlap Coefficient (MOC) analysis. Error bars denote standard deviations and data
points represent individual 20x fields. ns: not significant by unpaired t test.
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Figure S.2 Aggregate formation by R/K-G

(A) 24 pM protein was mixed with 10% PEG-8000 to induce phase separation in
standard assay buffer. Droplet or aggregate formation was visualized by confocal
microscopy. Bar scale: 5 um. (B) Individual droplets or aggregates were assessed for
circularity using Imaged. Data points represent individual 20x fields and error bars
denote standard deviations. ***P<0.001, ns: not significant by one-way ANOVA with
Dunnett’s multiple comparisons test.
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Figure S.3 Cation-pi and hydrophobic interactions do not influence p26
phase separation

(A) SDS-PAGE analysis of Coomassie-stained recombinant IDRr-x and IDRvLIMFYw-s.
Marker weights are shown on left in kilodaltons (kDa). IDRrk contains lysine
substitutions for all arginines whereas IDRvLimMFyw-s contains serine substitutions for all
hydrophobic residues. (B) Droplet formation by IDRwr, IDRr«, and IDRvLIMFYw-s was
visualized by confocal microscopy under crowding conditions with and without 1 M
NaCl. (C) Total droplet areas were measured from three separate 20x fields for each
condition (red circles). Error bars denote standard deviations. ns: not significant by
two-way ANOVA and Sidak’s multiple comparisons test. (D) Turbidity assays (ODsoo)
comparing GFP, IDRwr, IDRrk, and IDRvLiMFYw-s phase separation propensities. Error
bars denote standard deviations and data points represent biological replicates (3
total). **** P<0.0001 by two-way ANOVA with Dunnett’s multiple comparisons test vs.
IDRwrt. (E) Mean condensate sizes for IDRr-k and IDRvLivryw-s mutants and wild-type
IDRwt were plotted by cumulative distribution frequency. Particle sizes were
measured from three representative 20x fields using ImageJ. ns: not significant, two-
tailed Mann-Whitney tests compared to IDRwr.
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Upper systemic leaves - 21 dpi

TRBO-GFP

TRBO' p2 6R/K-G

TRBO-p26p.¢

Figure S.4 Systemic trafficking of the TMV-based TRBO vector

At 21 dpi, upper N. benthamiana systemic leaves were imaged at 488 nm. TRBO-GFP
and TRBO-p26p/e-c were mostly restricted to the petiole and midrib of systemic leaves.
In contrast, TRBO-p26wr invaded the lamina of systemic leaves. Images are
representative of three independent experiments with at least four plants for each
condition.
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