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SUMMARY

The leap of retroviruses and coronaviruses from animal hosts to humans has led to two ongoing pandemics
and tens of millions of deaths worldwide. Retrovirus and coronavirus nucleocapsid proteins have been stud-
ied extensively as potential drug targets due to their central roles in virus replication, among which is their
capacity to bind their respective genomic RNAs for packaging into nascent virions. This review focuses on
fundamental studies of these nucleocapsid proteins and how their intrinsic abilities to condense through
liquid-liquid phase separation (LLPS) contribute to viral replication. Therapeutic targeting of these conden-
sates and methodological advances are also described to address future questions on how phase separation

contributes to viral replication.

INTRODUCTION: MOLECULAR AND CELLULAR
ASPECTS OF PROTEIN AND RNA CONDENSATION

Several membrane-bound organelles exist in the cell with well-
defined functions, including the nucleus, endoplasmic reticulum
(ER), and Golgi apparatus. However, recent investigations have
refocused attention on the key biological functions that occur
in membraneless organelles (MLOs) implicated in a growing
number of cell functions from transcription to metabolism in
both the nuclear and cytoplasmic compartments.’ MLOs, also
known as biomolecular condensates (BMCs), include the nucle-
olus; Cajal bodies; nuclear speckles (nuclear subcompartments
that contain pre-mRNA splicing factors); neuronal and RNA traf-
ficking granules; stress granules; and processing bodies
(P-bodies), among others.”™

Believed to be fundamental to life and cellular organization,*®
BMCs often form due to the presence of intrinsically disordered
regions (IDRs) in proteins and multivalent macromolecular inter-
actions between proteins and nucleic acids, leading to liquid de-
mixing. Their formation mostly relies on intrinsically disordered
proteins (IDPs), although multivalence and IDRs are also present
in globular proteins.” As one of the key mechanisms used in cells
to control spatiotemporal organization, liquid-liquid phase sepa-
ration (LLPS) relies on the coordinated condensation of proteins
and nucleic acids into BMCs to concentrate select molecules
while excluding others to compartmentalize, spatially organize,
and coordinate cellular processes.” While protein misfolding
can form irreversible protein aggregates that exhibit solid-like
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properties, LLPS displays liquid-like qualities that allow for diffu-
sion of molecular constituents within the condensate.® Phase
transitions are elicited via interactions between multivalent pro-
teins and RNAs for normal cell function as well as pathological
phase transitions, as discussed in a recent review.’

BMCs play a role in many cellular processes including chro-
matin organization,'® cell division,"" transcription initiation and
elongation,'? mRNA translation,'® DNA damage repair,'* auto-
phagy,'® innate immune signaling,’® and enzyme catalysis."’
These processes share a common feature: the need for multiple
components to be concentrated to generate the close proximity
required for function. Aberrant or dysregulated BMCs also arise
due to pathological gene mutations, contributing to neurodegen-
erative diseases'® and to tumorigenesis.'® Finally, the ability of
chemicals to permeate cellular BMCs influences their anti-can-
cer efficacy (e.g., cisplatin and tamoxifen).?°

CONDENSATION OF PROTEINS AND RNAs THROUGH
PHASE SEPARATION AND ITS ROLE IN PANDEMIC
VIRUS REPLICATION

Certain motifs within proteins contribute to the formation of
BMCs: our meta-analyses of viral proteins as well as studies
from other groups indicate that the presence of RNA-binding do-
mains and zinc-coordinating domains drive condensation.'®’
Other folded domains in proteins such as RNA-binding motifs
and protein-protein oligomerization domains contribute to
BMC formation, and these folded domains may be required
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along with IDRs to mediate LLPS in viral and cellular complexes.
Amino acid composition is equally important, with BMC forma-
tion arising from interactions driven by electrostatic, m-m, and
hydrophobic forces, hydrogen bonds, and post-translational
modifications such as phosphorylation and acetylation. In addi-
tion, the arrangement of specific sequence motifs contributes to
BMCs by forming multiple weak interactions, which are
described as “stickers and spacers” in polymer chemistry.*?

Viruses, as obligate intracellular pathogens, utilize properties
of BMCs for genome replication and interaction with host cell
pathways.?® BMCs appear to be fundamental for certain viruses
to assemble, such as rabies, measles, and vesicular stomatitis to
produce ‘“viral factories,” which are membraneless assem-
blies.?*" Influenza A, Hendra, and hepatitis C viruses have
been reported to generate liquid organelles for genome assem-
bly and replication (reviewed in Etibor et al.,”* Nikolic et al.,*®
Heinrich et al.,?® Alenquer et al.,?® and Wubben et al.?®). Recent
studies have begun to outline the importance of BMCs in the
HIV-1 and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) replication cycles (e.g., Monette et al.>'*° and
Wang et al.*"). In the case of HIV-1, BMCs appear to be involved
in the entry and assembly stages of the viral replication cycle,
with the primary determinant of phase separation being the
nucleocapsid (NC) domain of the Gag structural protein. Simi-
larly, the N (nucleocapsid) protein of SARS-CoV-2 forms BMCs
in an RNA-dependent fashion.®'="

Despite observations that condensates contribute to the repli-
cation cycles of both HIV-1 and SARS-CoV-2, significant funda-
mental questions remain about the mechanisms underlying BMC
formation by these two pandemic viruses and how these con-
densates contribute to efficient virus replication (Figure 1).
Further understanding of the biophysical and chemical proper-
ties of viral BMCs will be essential to determine whether their
disruption is a viable, effective antiviral strategy. This review
will examine the available data for virus-induced phase separa-
tion in retroviruses and coronaviruses using HIV-1 and SARS-
CoV-2 as exemplars, as well as the role condensates play in
engaging host machineries for virus propagation.

WHY COMPARE AND CONTRAST HIV-1 AND
SARS-CoV-2?

The most recent and ongoing pandemics of the 20" and 215t
centuries are acquired immunodeficiency syndrome (AIDS),
caused by HIV-1 and HIV-2, and COVID-19, initiated by a novel
coronavirus SARS-CoV-2. The origin of HIV-1, the scourge of the
early 1980s, traces back to approximately 1920.%® Simian immu-
nodeficiency virus (SIV) was initially transmitted to humans, likely
from non-human primates (chimpanzees and sooty mangabeys)
via infected blood and body fluids during the butchering of bush-
meat (Figure 2). It has been reported that numerous independent
transmissions of the SIV from non-human primates to humans
led to the establishment of a variety of separate lineages,
some of which became established in humans as HIV-1 and
HIV-2. Further diversification of HIV-1 genomic sequences was
driven by the introduction of mutations arising from the low
fidelity of RT in addition to recombination of viral sequences dur-
ing replication. These factors led to the presence of a diverse
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population of viral sequences within individuals infected by HIV
that then spread throughout the population, complicating the
treatment and cure of HIV-1 infection due to drug-resistant mu-
tants.*® In the case of SARS-CoV-2, numerous variants have
arisen that have become increasingly capable of subverting im-
munity from vaccination and prior infection, making it imperative
that novel, effective vaccines and antiviral drugs are devel-
oped.”® In addition, even though the replication cycles of HIV-1
and SARS-CoV-2 are substantially different, the process of viral
genomic RNA packaging and virion release involves nucleo-
capsid proteins that have similar features. HIV-1 NC and
SARS-CoV-2 N proteins undergo LLPS, form BMCs, facilitate
viral RNA condensation, selectively package full-length viral ge-
nomes, and facilitate the release of virions from infected cells
(Figure 3). Thus, comparing and contrasting the role of LLPS in
the replication of these significant pandemic agents is informa-
tive and may lead to innovative therapies.

SARS-CoV-2 is the cause of the devastating coronavirus
infection that emerged in December 2019 (COVID-19) and
rapidly spread around the world, resulting in over 5.8 million
deaths worldwide as of summer 2022, although some estimates
suggest much greater mortality”” (Figure 4). Lessons learned
during the long-standing research programs to fight HIV-1 and
influenza are being applied to the COVID-19 pandemic including
eliciting neutralizing antibodies, vaccinology, epidemiology, and
socioeconomic factors influencing infection.*®™° Since its dis-
covery, SARS-CoV-2 has continued to evolve due to mutations
arising during replication of the RNA genome, with selective
pressure resulting in emergence of variants with increased ca-
pacity to escape immunity and spread.®’> Similarities in the
challenges of preventing and treating both pandemic RNA vi-
ruses HIV-1 and SARS-CoV-2 suggest that common features
among these viruses could be exploited to treat these infections.
Research toward SARS-CoV-2 therapies and prevention strate-
gies will likely influence therapies, vaccines, and cures for HIV-1
and other pathogens with pandemic potential. Similar to HIV-1
and SARS-CoV-2, other viruses with pandemic potential are
likely lurking in animal reservoirs and may emerge in the future
by zoonotic transmission from animal to humans®® followed by
adaptation to humans.

POTENTIAL ROLES OF N PROTEIN CONDENSATES IN
SARS-CoV-2 REPLICATION

In response to the current pandemic, recent studies have
focused on elucidating the function of the SARS-CoV-2 struc-
tural and non-structural proteins. Coronavirus virions encode
four structural proteins that form the virion: nucleocapsid (N), en-
velope (E), membrane (M), and spike (S). The N protein is the
most highly expressed protein in infected cells and is strongly
immunogenic.**°®°"  Although coronaviruses were initially
discovered over 50 years ago, many questions about funda-
mental aspects of the SARS-CoV-2 N protein in the replication
cycle remain, which, once answered, will accelerate the devel-
opment of additional effective antiviral therapies for the treat-
ment of COVID-19 (Figure 1).

SARS-CoV-2 N protein consists of 419 amino acids with the
following domain organization: N-terminal domain (NTD; amino
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Figure 1. Viral replication cycles of HIV-1 and SARS-CoV-2 and implications of condensates generated by phase separation

Left: HIV-1 enters through the viral envelope glycoprotein binding with CD4 receptor and binding to chemokine coreceptor CCR5 or CXCR4, leading to fusion and
entry of the virus into the cell (1). Following entry, the capsid traffics in the cytoplasm (2) toward the nuclear envelope, where uncoating likely begins (3), and then
enters the nucleus via the nuclear pore (4). Capsid uncoating continues in the nucleus, where viral genomic RNA is reverse transcribed into double-stranded DNA
and released into the nucleoplasm (5) for integration into the host genome (6). The integrated viral DNA is transcribed to generate a 9kb, unspliced viral genomic
mRNA that can be spliced to generate mMRNAs of 4 and 2kb sizes (7). The mRNAs are exported from the nucleus through the nuclear pore (8) and translated in the
cytoplasm (9), and the unspliced mRNA is either translated and/or packaged with viral proteins (10) into progeny virus particles. Budding occurs (11) and is (12)
followed by maturation (13) of the virus. Right: SARS-CoV-2 spike protein binds to the host receptor angiotensin-converting enzyme 2 (ACE2) and with host factor
cell surface serine protease TMPRSS2 to promote viral entry (1). The RNA genome is released into the cytosol through uncoating, which is then translated into
polyproteins pp1a and pp1ab and cleaved into individual non-structural proteins (nsps) (2). The nsps form the replication transcription complex (RTC), and viral
genomic replication and subgenomic mRNA transcription commence in double-membrane vesicles (DMVs) (3). Subgenomic RNA translation results in structural
and accessory proteins such as nucleocapsid (N), spike, membrane, and envelope proteins. The nucleocapsid protein is mostly distributed to the cytoplasm to
package the genomic viral genome into hexon- or tetrahedron-shaped ribonucleoprotein complexes. The remaining proteins transit through the ER-to-Golgi
intermediate compartment (ERGIC) (4), acquiring a lipid bilayer (5), and assembly and release of the virion occur (6). The stages of the viral cycle that are
highlighted in orange numbered circles likely involve LLPS. In HIV-1, condensates could form at sites of maturation and assembly of the reverse transcription
complexes in progeny virions, viral entry and uncoating, nuclear entry, completion of reverse transcription and integration, and later at sites of HIV-1 DNA
transcription and RNA processing and following RNA nucleocytoplasmic trafficking during assembly and RNA packaging (10-11). SARS-CoV-2 N protein ac-
cumulates at RTCs (3) and forms phase-separated condensates with genomic RNA at the DMV and the ERGIC.

acids 1-40); N-terminal RNA-binding domain (amino acids 41-
173); serine-arginine (SR)-rich linker region, known as the LKR
(amino acids 174-249); C-terminal domain that promotes dimer-
ization (amino acids 250-364); and the C-terminal intrinsically
disordered domain (IDR) (amino acids 365-419) (see Figure 3,

Cubuk et al.,*” Peng et al.,”® Kang et al.,”® Sarkar et al.,”® and
Yang et al.*®). Large segments of the N protein are disordered,
including the NTD, the SR-rich linker, and the C-terminal domain
(CTD).*? Structural studies have revealed the folding of N do-
mains using nuclear magnetic resonance (NMR), X-ray
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Figure 2. Zoonotic transmission of SIV to hu-
mans and simplified evolution of betacorona-
viruses

(A and B) Schematic trees illustrating multiple inde-
pendent zoonotic transmissions of Simian immu-
nodeficiency virus chimpanzee (SIVcpz) and SIV
sootey mangabey (SIVsm) to humans. Branches in
black indicate evolution of SIV within its natural

Bat coronavirus RaTG13

HIV-1 M/C
HIV-1 M/B
HIV-1 M/D
HIV-1 M/E
HIV-1 M/F

SARS-CoV-2

B SIVsm
HIV-2 D
SIVsm
HIV-2 A1
HIV-2 A2
HIV-2 B1
HIV-2 B2
HIV-2 C
HIV-2 F
SIVsm
SIVsm
HIV-2 E

Bat Hp-betacoronavirus Zhejiang 2013

MERS CoV

hosts, black arrows indicate points of cross-species
transmission, and branches in red indicate subse-
quent evolution within human hosts.

(A) SIVcpz and HIV-1. The three groups of HIV-1 (M,
N, and O) are interspersed among SIVcpz strains
from P.t. troglodytes (P.t.t.) and P.t. schweinfurthii
(P.t.s.). The multiple subtypes of group M derive
from a common ancestor indicated by a black
asterisk.

(B) SIVsm and HIV-2. The six subtypes of HIV-2 (A-F)
are interspersed among SIVsm lineages. Further
characterization of SIVsm diversity may reveal that
subtypes A, B, and C also arose through separate
cross-species transmissions (indicated by the red
arrows). For HIV-2, multiple isolates have been
found only for subtypes A and B. Reproduced with
permission and additional information can be found
in Hahn et al.”’

(C) Simplified phylogenetic tree showing the evolu-
tion of betacoronaviruses. SARS-CoV-1 and SARS-
CoV-2 share their closest common ancestor in the

sarbecovirus subgenus and have 79% sequence similarity.”> Middle Eastern respiratory syndrome (MERS)-CoV is from a different subgenus (merbecovirus) and
shows a more distant relation with SARS-CoV-2, sharing 50% sequence similarity.*® The closest CoV relative of SARS-CoV-2 is bat CoV RaTG13, sharing 96%
similarity, and the second closest is pangolin CoV, sharing 90% similarity.*> This suggests that bats and pangolins are intermediate hosts for SARS-CoV-2.

crystallography, and cryoelectron microscopy. Although the
structure of the full-length protein has not yet been solved at
high resolution, its structure has been predicted using computa-
tional methodology.**+*5:°8:¢0-5% Based on studies of other coro-
naviruses as well as SARS-CoV-2, the interaction of the NTD with
the viral genomic RNA packaging sequence is essential for incor-
poration of genomic RNA into the virion, whereas the CTD ap-
pears to make protein-protein and protein-RNA interactions
that form a multimerization interface involved in viral ribonucleo-
protein (RNP) complex formation.®%-6458

In infected cells, the N proteins from SARS-CoV-2 and other
CoVs localize to viral replication transcription complexes (RTCs)
at membranes derived from the ER-Golgi intermediate complex
(ERGIC) to form double-membrane vesicles (DMVs).>>°""> These
cellular membranes are remodeled upon infection by SARS-CoV-2
to produce DMVs that form RTCs or viral replication organ-
elles.”*"%"® Viral RNA replication occurs inside the DMVs, and a
pore has been observed in the membrane that could serve as a
channel for extrusion of newly synthesized viral RNA into the
cytoplasm.”*"%7® The SARS-CoV-2 N protein, which packages
the viral genomic RNA, accumulates in cytoplasmic com-
plexes®®’"8%8" glong the membrane of the Golgi and other vesi-
cles to initiate the process of virion assembly in conjunction with
the M protein.®”"* The DMVs, Golgi membrane, and vesicular
structures appear to be clustered near one another, presumably
to coordinate RNA synthesis and packaging.”*** Virus budding
occurs at the ERGIC, which appear as single-membrane vesicles
in cryoelectron tomograms,”*”%#2 and virions accumulate primar-
ily in large viral-containing vesicles (LVCVs). Whether formation of
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DMVs or other replication-related membrane compartments
involve LLPS is an active area of investigation. Recently, it was
shown that betacoronaviruses use the lysosomal pathway for
release of virions.?"®® After virion release, the N protein binds to
the 30 kb RNA genome to form viral RNPs, heterogeneous struc-
tures with N protein-RNA complexes tightly packed in a cylindrical
or “bucket-like arrangement” when visualized using high-resolu-
tion imaging.”®

Based on the presence of several IDRs in the SARS-CoV-2 N
protein (Figure 3), its biophysical properties contributing to BMC
formation have been investigated. Although the N protein was
found to be dispersed in the cytoplasm when expressed alone in
Hela cells, it formed condensates upon arsenite treatment, a
mimic of the cellular stress of viral infection.®’ The N-terminal IDR
(amino acids 1-39) was shown to be necessary for optimal conden-
sate formation.®' Condensation of N-terminal IDR is dependent on
G3BP1 and RNA.2! Similarly, in vitro, recombinant N protein does
not form condensates alone but undergoes LLPS upon addition
of RNA isolated from Hel a cells. The central linker IDR containing
the SR-rich sequence also undergoes LLPS when bound to RNA,
and these condensates slowly recover after photobleaching,®”
suggesting that the individual IDRs within the N protein have
distinct biophysical properties. Biophysical studies demonstrated
that transient intramolecular interactions occur between the N-ter-
minal NTD and RNA-binding domain and between the C-terminal
IDR and the RNA-binding/dimerization domain, supporting the
premise that multivalent protein interactions of the NTD, linker,
and CTD underlie the ability of N to undergo LLPS when bound
to RNA.*?
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Figure 3. Schematic diagrams of SARS-COV-2 and HIV-1 genomes, gene products, and nucleocapsid proteins

(A) Full-length viral genomic RNA (29,903 nt) for SARS-CoV-2 is illustrated including major subgenomic RNAs. ORF1a and ORF1b encode for nsps. In addition, the
genome encodes four major structural proteins like spike protein (S), membrane protein (M), nucleocapsid protein (N), and envelope protein (E), as well as a
number of accessory proteins. The amino acid number of each structural protein is indicated. Further, the SARS-CoV-2 N (nucleocapsid) protein domain or-
ganizations shows the RNA-binding domains in the N-terminal domain (NTD; aa 45-181); C-terminal domain (CTD; aa 248-365); dimerization domain, intrinsically
disordered region (IDR; aa 1-44, 182-247, and 366-422); serine-arginine (SR) motif; nuclear localization signal (NLS); and linker region (LKR; aa 182-247). The

(legend continued on next page)
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The contribution of RNA to the formation of SARS-CoV-2 N
condensates was studied in more detail by several research
groups.®'*"8% Although non-viral RNA sequences can promote
LLPS formation of N protein complexes, different genomic viral
RNA segments appear to possess features that modulate the
propensity of N to form droplets of varying sizes and with
different biophysical properties.*® The authors of this study pro-
posed that the RNA elements at the 5’ and 3’ ends of the genome
promote LLPS, which may be important for the selection of full-
length viral genomic RNA for packaging into virions. In contrast,
other regions of the viral RNA, including the region involved in
ribosome frameshifting and the predicted packaging signal,
can dissolve N aggregates,® suggesting that LLPS potentially
serves a regulatory role to promote fluidity and prevent further
maturation of the N-RNA complexes during viral RNA synthesis.

In cells, the N protein of beta coronaviruses localizes at RTCs,
sites of viral genomic RNA replication.”?">%° SARS-CoV-2 N ap-
pears to facilitate synthesis of subgenomic viral RNA by interact-
ing with the SARS-CoV-2 RNA-dependent RNA polymerase
(RdRp) complex, which is composed of non-structural proteins
nsp12, nsp7, and nsp8.°° To determine whether LLPS of N plays
a role in viral RNA synthesis, Savastano et al. used an in vitro
assay to demonstrate that nsp12 formed cocondensates with
N protein and RNA. Furthermore, the RdRp-RNA complex of
nsp12, nsp7, and nsp8 formed phase separated droplets with
the N protein and viral RNA. For betacoronavirus mouse hepatitis
virus, the N protein was found to associate with RTCs dynami-
cally, which is a characteristic feature of BMCs.”® Taken
together, these studies suggest that N forms phase-separated
condensates with viral genomic RNA along with the RdRp poly-
merase complex, potentially concentrating protein-RNA com-
plexes that promote genome packaging and viral RNA replica-
tion while sequestering these viral components from detection
by the host innate immune system. These studies support the
possibility that phase separation of N and replication machinery
play an important role in the RNA-dependent SARS-CoV-2 repli-
cation cycle. Importantly, data have emerged that SARS-CoV-
2 N protein forms BMCs with the nsp3 protein,”® which is
required for genome transcription and replication (reviewed in
Lei et al.?®) and is necessary to form DMVs in cells infected
with a related betacoronavirus.?® SARS-CoV-2 Nsp3 contains
an IDR in the N-terminal ubiquitin-like domain (Ubl1) that coloc-
alizes in liquid droplets formed by N and RNA.”® In SARS-CoV-1,
Nsp3 is implicated in the recruitment of N to sites of budding in
the ERGIC and DMVs.”?

Phosphorylation of N plays an important regulatory role by
altering the properties of the BMCs formed.*>"® A major site of
phosphorylation is the arginine-serine (RS)-rich sequence in the
central linker region, which is modified by host kinases shortly
post-infection.2” Phosphorylation of serine residues in N affect
phase separation and diminish the association of N with the viral
RdRp polymerase and nsp12.%° Studies by Carlson et al.”® deter-
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mined that phosphorylation of N by kinases Cdk1 and GSK-3 al-
ters the properties of the condensates formed: they were more
dynamic and mobile compared with the unmodified protein. A
recent preprint by the same group®® raised the intriguing possibil-
ity that the phosphorylated N protein is involved in viral RNA syn-
thesis, whereas the unmodified N protein has stronger RNA
binding and protein-protein interactions to promote viral RNP
(VRNP) formation during assembly and within virions. Given these
results, the role of N phosphorylation in LLPS and its influence on
the interaction of N with viral and host factors may serve as a
structural “switch” to segregate the two distinct functions of N
during virus replication and RNA assembly. Using a phosphomi-
metic mutant in which the ten serines and threonines in the SR re-
gion of N were replaced with aspartate (10 Da mutant), this group
determined that, in the presence of RNA, the 10 Da mutant gener-
ated condensates with a spherical droplet morphology (more
liquid in nature), while the wild-type (unphosphorylated) N protein
formed filamentous structures.®®

In addition to VRNA, SARS-CoV-2 N protein also form conden-
sates with the viral M protein.®” This study revealed that the M
protein promotes LLPS of N, and interestingly, when N and M
are mixed with RNA, mutually exclusive condensates are formed
with  N-RNA located in the center and N-M condensates
arranged in a shell along the outer edge of the RNP core. Based
on the arrangement of N-RNA and N-M phase-separated con-
densates, the authors posit that N coats RNA and condenses it
into a vRNP first, and then M proteins located on the cytoplasmic
face of the membrane assembly compartment recruit the RNPs
into the virion.*”-#%°° An alternative model posits that the proper-
ties of the N protein that drive LLPS formation function to
compact the genomic RNA, and this viral condensate recruits
the M protein through multivalent interactions with N for virus
assembly.*” The N protein also partitions in vitro into LLPS drop-
lets along with two cellular proteins known for forming conden-
sates, hnRNP A2 and TDP-43, although the biological signifi-
cance of these interactions during viral infection remains
unclear.®*

SARS-CoV-2 N colocalizes with G3BP1, a stress-granule-asso-
ciated RNA-binding protein that forms phase-separated conden-
sates, potentially to avoid degradation of the vVRNA and triggering
of the innate immune response.®"*"-9" In cells, N reduces the for-
mation of stress granules by recruiting G3BP1 and G3BP2, as
well as cellular mRNAs.*"?" N could also interfere with the innate
immune response by inhibiting signaling through the type 1 inter-
feron-1 (IFN-1) pathway.®” The N protein coimmunoprecipitates
with the mitochondrial antiviral-signaling (MAVS) protein, a medi-
ator of innate immunity against RNA viruses. MAVS forms aggre-
gates in vivo and prion-like fibrils in vitro®® and induces IRF3 and
nuclear factor kB (NF-kB) to activate IFN-1. The N protein binds
to and disrupts MAVS phase-separated droplets, interfering with
MAVS-mediated IFN-1 signaling.®® This finding provides a novel
mechanism involving LLPS perturbation by the N protein that

RNA-binding domain of the NTD is essential for the packaging of viral genomic RNA, while the dimerization domain of the CTD participates in the formation of viral

RNPs.*?*~6 Figure adapted from McBride et al.**

(B) Full-length viral genomic RNA (9,719 nt) for HIV-1 is illustrated showing 5' LTR, Gag, Pol, Env, Vif, Vpr, Vpu, Tat, Rev, Nef, and 3’ LTR. Gag’s associated matrix
(MA), capsid (CA), nucleocapsid (NC), and p6 domains are indicated. Coordinating zinc fingers are shown in the NC domain. SIV and all retroviral Gag proteins

harbor one or two zinc coordinating fingers in their respective NC domains.?’
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Figure 4. Global cases and deaths of pandemics throughout history
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Pandemic infections, deaths, and the probable origins of the viruses are shown for comparison as of June 2022.°* The bars display the cumulative cases,
including the number of deaths. MERS, Middle East respiratory syndrome coronavirus; SARS-CoV-1/2, severe acute respiratory syndrome coronavirus 1/2;
HIV-1, human immunodeficiency virus-type 1. Figure adapted from Montogomery and Macdonald®® with permission.

may enhance the pathogenicity of SARS-CoV-2 through suppres-
sion of the innate immune response.

In conclusion, phase-separated condensates of the SARS-
CoV-2 N protein appear to play a significant role in several
stages of infection. The findings summarized above suggest
that N phase-separated droplets are involved in VRNA replica-
tion, genome packaging, RNP condensation, and virion assem-
bly via interactions with genomic RNA, M, vRNA replication en-
zymes, and nsp3, providing a potential linkage of N
condensates to the DMV viral assembly compartment. The
complex interplay of N with viral and cellular components will
need to be sorted out in future studies; given that disruption
of BMC formation could be an important therapeutic tool,
further understanding the role of N protein condensates is a
very worthwhile pursuit.”>°*°> The localization of N conden-
sates appearing as aggregates have been identified by immu-
nofluorescence in infected cells.®’ The expression levels and
localization of viral proteins, including N, were found to be tem-
poral in nature, and the choice of detergent was a major deter-

minant in identifying N in situ by immunofluorescence, for
instance. Some consistency in localization between cell types
was observed, but considering the divergent tropism of
SARS-CoV-2, further work will be needed to assess general
features of the nature of N protein localization and function in
multiple cell types.® The conservation of the N sequence
makes targeting this structural protein advantageous, in
contrast with the S protein, which is highly variable and has
generated many variants with significant degrees of immune
escape.

POTENTIAL ROLES OF BMCs IN HIV-1 REPLICATION

The etiologic retrovirus for AIDS is HIV-1. Approximately 32-42
million people have succumbed to AIDS and AIDS-related ill-
nesses since the beginning of the epidemic, and ~40 million
people are living with this virus in 2022 (Figure 4). For
those who can access treatment and respond well to potent
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anti-retroviral therapy, HIV-1 infection is considered a chronic
and manageable disease.

The major structural proteins of HIV-1 are Gag and Gag/Pol,
both precursor proteins encoded by the HIV-1 9 kb viral genomic
RNA. Upon proteolytic cleavage of Gag and GagPol, mature pro-
teins are released: matrix (MA), capsid (CA), nucleocapsid (NC),
p6 and enzymes reverse transcriptase (RT), integrase (IN), and
protease (PR) (Figures 1 and 3). During HIV-1 replication, Gag or-
chestrates virus assembly via the recruitment of the vRNA in
concert with multiple host factors to initiate virion formation
and release from the cell via budding at the plasma membrane.
The importance of BMCs in HIV-1 replication remains incom-
pletely characterized despite recent seminal observations.
HIV-1 Gag condensate-like structures exhibit fluid-like behavior
characterized by fluid movement, fusion, and fission.®” More-
over, many retroviral Gag domains possess intrinsically disor-
dered domains juxtaposed with RNA-binding domains
(RBDs).?" While intrinsically disordered domains may promote
sequestration of protein partners, RBDs confer liquid-like
behavior®® comparable to that observed for HIV-1 NC. An earlier
systemic virtual analysis of HIV-1-encoded proteins revealed
many viral components possessing intrinsic disorder.”®

HIV-1 has also evolved mechanisms to block the assembly of
BMCs, namely stress granules (SGs), that form in response to
environmental stress, such as viral infection. Initial observations
showed that HIV-1 imposed a blockade to SG assembly in many
cell types.'?%"'°" Subsequent detailed studies identified several
virus-host interactions that mediate this blockade including in-
teractions between the C-terminal CA domain of Gag and host
factors, eukaryotic elongation factor 2 (eéEF2), G3BP1, cyclophi-
lin A, elF4E,"°"%2 and the host RNA-binding protein Stau-
fen1.'% HIV-1 blocks the assembly of TIAR-containing SGs
under normal conditions, although in Staufen1™~ CRISPR
knockout cells, HIV-1 vRNA repositions and accumulates in
TIAR+ SGs/BMCs during oxidative stress.'%

Recent evidence that Gag’s C-terminal zinc-coordinating NC
domain induces compositionally and functionally distinct BMCs
indicates that the regulation of BMC assembly in HIV-1-express-
ing and -infected cells is complex.”’ It has been demonstrated
that HIV-1 NC has intrinsically disordered prion-like domains
that contribute to zinc finger (ZnF)-dependent and zinc-chela-
tion-sensitive condensation via LLPS regulated by cytosolic fac-
tors.?’ NC-mediated condensate assemblies reposition the
VRNA genome and other factors to promote virus production.?’
Interestingly, while the HIV-1 CA domain mediates an SG
blockade, overexpression of HIV-1 NC promotes SG assembly. '
More recently, Monette et al. demonstrated that HIV-1 conden-
sates assemble following entry into cells with NC serving as the
scaffolding condensate, whereas other members of the HIV-1
reverse transcription complex (RT, IN, and the vRNA genome,
as well as the structural protein CA) defined themselves as client
condensates, the condensation of which relied primarily on
NC.?"*° Cumulatively, an equilibrium must exist between HIV-1-
mediated BMC dissolution and assembly, suggesting that virus
assembly relies on the continuous—yet overlapping—fluid states
that would allow for consecutive virus replication steps, mediated
by several viral factors. This concept, echoed by Lopez et al.,'®®
would allow for an active inclusion and exclusion of host and viral
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factors in viral condensates during the replication cycle. Although
the biochemistry of Gag, NC, and Gag/Pol activities have been
studied for 3040 years, investigations have only recently revealed
that HIV-1-engineered BMCs are important for pan-retrovirus
replication including HIV-1 genomic RNA positioning during as-
sembly and early events following entry.?" A recent study also pro-
vided evidence for a dynamic HIV-1 condensate (“RNP”) that is
formed due to several types of NC-viral vVRNA genome interac-
tions."% Interestingly, the viral PR was recruited to this conden-
sate closer to the completion of virus budding at the plasma
membrane, suggesting that condensation is important for correct
viral maturation.

Recent work has also identified a role for phase separation
through condensation early in HIV-1 infection during the integra-
tion of the proviral DNA into host cell chromatin. Di Nunzio’s
group elegantly showed how IN cooperated with cleavage and
polyadenylation specificity factor 6 (CPSF6), required for CA
import into the nucleus early in infection,'®” via condensation
and phase separation.'°® Additional work in 2021 led to observa-
tions that LLPS is also a key factor in the reactivation of HIV-1
proviral DNA transcription reactivation from latency, implicating
components of both the host histone chaperone chromatin as-
sembly factor 1 and polycomb repressive complex 1 complexes
at the HIV-1 promoter.'°%""° Thus, evolving evidence is demon-
strating that HIV-1 regulates several gene regulatory circuits by
eliciting condensation of viral and host factors, supporting the
notion that compartmentalization of host processes is achieved
via LLPS.

In summary, many functional similarities exist between the
SARS-CoV-2 N protein and the HIV-1 Gag protein and its NC
domain: (1) these proteins contain IDRs able to form BMCs
and undergo LLPS through multivalent interactions; (2) they are
nucleic acid-binding proteins and promote condensates con-
taining nucleic acids, including vRNA; (3) they dimerize and
form higher-order multimers; (4) they mediate the specific pack-
aging of the viral genomic RNA; (5) they form RNPs in cells and in
the virion, tightly packing the viral genome into a condensed
core; and (6) in cells, they interact with SGs and form coconden-
sates with the SG protein G3BP1. One hypothesis to explain why
SARS-CoV-2 N and HIV-1 Gag each interact with SG machinery
posits that this association could serve to compartmentalize viral
mRNAs undergoing translation from genomic RNAs destined for
packaging into virions.

TARGETING LLPS: A THERAPEUTIC STRATEGY

The important contribution of LLPS to function offers the poten-
tial for development of novel therapeutic approaches for
conditions involving these complexes such as cancer, neurode-
generative diseases, and viral infections.”"" Two components of
LLPS formation could be targeted: “drivers” and “controllers.”
Drivers encompass elements essential for the initiation of LLPS
such as IDRs in proteins and nucleic acids."'? Controllers are
proteins that regulate and catalyze LLPS, including regulators
of protein biosynthesis, folding, degradation, transport, and
post-translational covalent modification (phosphorylation,
methylation, acetylation, etc.).'"®
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Neurodegenerative diseases can occur when protein misfold-
ing causes the native proteins to transition into pathological
states, sometimes manifesting at first as LLPS condensates.'®
BMC dissolving agents may alleviate or slow progressive neuro-
degenerative disease and prevent irreversible plaque formation
commonly associated with Alzheimer’s and other slowly pro-
gressive degenerative diseases. One therapeutic strategy is to
use small molecules to modulate BMC formation. To date, com-
pounds have targeted neurodegenerative diseases, like Alz-
heimer’s, amyotrophic lateral sclerosis (ALS), Nieman Pick’s
disease, progressive supranuclear palsy, and frontotemporal
dementia associated with the formation of aggregates involving
amyloid-p or tau aggregates,''“~""® but they could be expanded
to include viruses and cancer by modulating SG assembly.'"”
However, the dynamic nature of the IDPs that contribute to
LLPS may complicate their targeting for therapeutics.''® Alterna-
tively, the role of nucleic acid (either RNA or DNA) in the formation
and stability of BMCs suggests their potential use as therapeu-
tics. One possible modality is aptamers, single-stranded oligo-
nucleotides that fold into defined shapes capable of binding
with high affinity and specificity to proteins/complexes to modu-
late their activity, a potential extensively explored in the context
of prion and amyloid diseases."'®'?° Aptamers are currently
used as therapies or are undergoing clinical evaluation for mac-
ular degeneration (pegaptanib) and chronic hepatitis B virus
(DCR-HBVS)."?" In the context of HIV-1, aptamers have been
extensively studied as decoys for Tat or Rev to prevent their
interaction with TAR and RRE regulatory elements, respectively,
within VRNA to inhibit HIV-1 gene expression and replication,
although aptamers affecting the function of Gag, RT, and PR
have also been developed.'?* Aptamers against SARS-CoV-2
have been developed, but mostly for use in diagnostics, and
are capable of achieving detection limits equivalent to most anti-
body-based detection systems.'*® The therapeutic potential of
aptamers for SARS-CoV-2 has largely focused on interfering
with virus entry by blocking binding of the SARS-CoV-2 S trimer
to the ACE2 receptor.'* Given the great specificity and affinity
achievable with aptamers, their potential to alter condensate for-
mation is worth further exploration if various issues limiting their
use (metabolic instability, rapid renal clearance, intracellular de-
livery, and non-specific immune activation) can be overcome.'*®

Another approach to regulate LLPS formation is through
modulation of the innate proteostasis machinery, like protein dis-
aggregases, to prevent aberrant protein state diseases.'*® Over-
expression of chaperones and proteins disaggregases could
counter the effect of misfolded proteins. Overall, understanding
how molecules interact with BMCs and affect their stability,
composition, dissolution, or rates of formation could lead to ther-
apies for diseases that are currently considered incurable.

Given the extensive research that has highlighted the role of
nucleocapsid protein LLPS in SARS-CoV-2 pathogenesis and
HIV-1 replication,?’:3%-3%:36:84106 yira| infections could also be
termed “phase-separation-associated diseases” as they not
only produce BMCs but also interfere with host condensates.'*”
In the case of SARS-CoV-2 N protein, its ability to form BMCs
may not only have a role in virus genome replication and
assembly but also in modulation of the innate immune response
to the infection.”” SARS-CoV-2 N condenses and facilitates the
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interaction of IKKB and TAK1, leading to an aggressive inflam-
matory cytokine storm that causes airway damage.'?® Conse-
quently, altering the LLPS-forming capacity of nucleocapsid
proteins may be a novel approach for developing antiviral drugs.

The properties of the targeted BMCs must be considered in
any strategy to alter their function as the ability to partition into
LLPS can also increase or decrease a drug’s therapeutic effect.
For example, the effectiveness of cisplatin for the treatment of
various cancers is increased 600-fold by its accumulation in ag-
gregates where it platinates super-enhancer DNA.?° The efficacy
of tamoxifen for the treatment of breast cancer is reduced upon
overexpression of the gene activator MED1, which reduces the
drug’s local concentration due to a MED1 increase in the volume
of the transcription condensate targeted.°

KINASE INHIBITORS AND RS PROTEINS INVOLVED IN
N-MEDIATED LLPS

Post-translational modification (PTM) of proteins can play an
important role in modulating LLPS formation.''® Phosphorylation
of serine/threonine residues on TIAR-2 and TAU promote LLPS,
while phosphorylation of the prion-like domain (PrLD) of the
fused-in-sarcoma (FUS) protein diminishes LLPS."#°~"*" Another
example is the nuclear speckle, whose stability is severely
altered by overexpression of kinases that modify the SR-rich do-
mains present in several of its components.'®* Consequently,
identification of compounds able to increase or decrease the
extent of viral protein PTMs represent another possible thera-
peutic approach.’'*

The significance of N phosphorylation to coronavirus replica-
tion became evident with the demonstration that depletion or
inhibition of kinases modifying the viral N protein reduced repli-
cation. As detailed earlier, phosphorylation of a central RS-rich
region of the SARS N protein, a motif conserved across corona-
viruses, did not affect the protein’s ability to interact with RNA
but altered the nature of the BMC formed as well as its ability
to suppress host protein synthesis.®” In addition, hypophos-
phorylated variants of SARS-CoV-1 N protein have increased as-
sociation with SGs. Overexpression of SRPK1 (a kinase able to
phosphorylate the N protein RS-rich region) altered the interac-
tion of wild-type N protein with SGs. Either overexpression of
SRPK1 or its inhibition with SRPIN340 resulted in changes in N
phosphorylation and a marked reduction in SARS-CoV-2 repli-
cation. Of note, SRPIN340 also inhibits replication of several
unrelated viruses (hepatitis C virus, cytomegalovirus, Sindbis vi-
rus),®*1%* suggesting that phosphorylation mediated by the
affected kinase has important roles for several pathogens. In
other studies, addition of GSK-3 inhibitors kenpaullone or LiCl
also reduced SARS-CoV2/JMHV nucleocapsid phosphorylation
and virus replication ' by altering the extent of phosphorylation
of the N protein RS domain. Other compounds able to impair
nucleocapsid-RNA binding in the context of other viruses were
also examined for their effects on SARS-CoV-2 replication.
(—)-Gallocatechin gallate (GCG), a polyphenol from green tea,
disrupted N protein LLPS and inhibited virus replication.'=®
Two other small molecules, CVL218 and PJ34, increased LLPS
of the N-vRNA-nsp12 complex, hypothesized to increase the
accessibility of remdesivir to its viral target (i.e., nsp12).'®’
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Finally, steroidal alkaloid cyclopamine compounds hardened
respiratory syncytial virus condensates and blocked replica-
tion.?* Although multiple PTMs (myristylation, phosphorylation,
ubiquitination, sumoylation, etc.) of HIV-1 Gag have been de-
tected, there has been limited study of their impact on Gag’s for-
mation of BMCs and the various stages of virus replication.'*® In
light of the observation that several human diseases depend on
condensation and phase separation or aberrant phase transi-
tions, there is great promise for the treatment of human pathol-
ogies involving phase separation or biomolecular condensation.

EMERGING METHODS TO EVALUATE BMCs

Investigators in the field have emphasized the need for rigorous
approaches to identify the mechanisms driving phase separation
of BMC; to develop quantitative methods to measure dynamics of
BMC formation and dissolution; to understand the properties of
amino acids and nucleic acids that facilitate BMCs; and to attempt
to unequivocally demonstrate fluid-like nature of these complexes
both in vitro and in living cells.® There is general agreement that the
following four characteristics define a phase-contrasted BMCs:
the condensates can be visualized using phase-contrast micro-
scopy; they undergo fusion and fission, demonstrating liquid-
like properties; they exchange rapidly with the molecules in the
surrounding milieu with a large mobile fraction and short half-
time of recovery; and they are dissolved by phase-disrupting com-
pounds such as 1,6-hexanediol, with some limitations (e.g.,
Dister et al."®. The Brangwynne laboratory has developed
photo-activated techniques to elucidate the biophysical nature
of interactions that drive the formation of BMCs in living
cells, including so-called “optoDroplets”'*° and Core scaffolds
to promote droplets, termed “Corelets.”’*' These innovative
studies allow sensitive examination of light-induced condensate
formation driven by IDRs or other motifs to examine the increased
valency required to assemble phase-separated BMCs. Fluores-
cence recovery after photobleaching (FRAP) remains a useful
method to examine the fluidity and macromolecule exchange dy-
namics of BMCs, although concerns have arisen, including the
validity of comparing FRAP data from different proteins.’*? Fluo-
rescence correlative spectroscopy (FCS) and fluorescence life-
time imaging (FLIM) are additional techniques that quantitatively
assess biophysical properties of condensates and their interface
with the environment.®'*® FCS was used recently to evaluate a
causal association of a SARS-CoV-2 N/a-synuclein interaction
in Parkinson’s disease.'* The application of these techniques
to the study of pandemic HIV-1 and SARS-CoV-2 BMCs will
enhance our understanding of the functional role of phase-sepa-
rated BMCs in viral replication.

PERSPECTIVES ON LLPS IN HUMAN VIRAL DISEASE (AS
WELL AS IN OTHER HUMAN DISEASE)

While there are many remaining questions concerning the bio-
logical roles of BMCs that arise from phase separation, accumu-
lating evidence supports the critical roles for BMCs in nuclear
and cytoplasmic compartments, ranging from viral transcription
to virus assembily (for recent reviews, please see Etibor et al.,”® Li
et al.,'*® and Wu et al."*®). HIV-1 and SARS-CoV-2 encode
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proteins with intrinsically disordered domains that mediate
condensation of proteins and vVRNAs in relevant viral replication
complexes. Clearly, preemptive targeting of aberrant BMCs in
human viral and neurodegenerative diseases would represent
additional strategies that will add to the treatment armamen-
tarium."*” Such strategies would complement the successful
vaccines for SARS-CoV-2 and a potential vaccine for HIV-1,4®
would enhance immune responses to viral infections, '“° or could
complement the new antiviral drugs (PR inhibitor nirmatrelvir
combined with ritonavir, as well as the ribonucleoside analogue
molnupiravir'°%) from major pharmaceutical companies, permit-
ting the “phasing out” of these two viral pandemics earlier rather
than later in the 215! century.
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