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Liquid-Liquid Phase Separation Enables Highly Selective Viral Genome Packaging
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In many viruses, hundreds of proteins assemble an outer shell (capsid) around the viral nucleic acid to form
an infectious virion. How the assembly process selects the viral genome amidst a vast excess of diverse cellular
nucleic acids is poorly understood. It has recently been discovered that many viruses perform assembly and
genome packaging within liquid-liquid phase separated biomolecular condensates inside the host cell. However,
the role of condensates in genome packaging is poorly understood. Here, we construct equilibrium and dynamical
rate equation models for condensate-coupled assembly and genome packaging. We show that when the viral
genome and capsid proteins favorably partition into the condensate, assembly rates, yields, and packaging
efficiencies can increase by orders of magnitude. Selectivity is further enhanced by the condensate when capsid
proteins are translated during assembly and packaging. Our results suggest that viral condensates provide a
mechanism to ensure robust and highly selective assembly of virions around viral genomes. More broadly, our
results may apply to other types of selective co-assembly processes that occur within biomolecular condensates
and suggest that liquid-liquid phase-separated condensates could be exploited for selective encapsulation of

microscopic cargo in human-engineered systems.

DOI: 10.1103/kx13-czgb

I. INTRODUCTION

Capsid assembly around the viral genome is an essential
step in the lifecycle of many viruses. To form an infectious
virion, the capsid proteins must selectively encapsulate the
viral RNA amidst excess cellular RNA, and many do so with
high specificity (e.g., 99% [1,2]). How viruses achieve such
selective packaging remains a critical unsolved problem in vi-
rology [3.,4]. More broadly, assembly around specific cargoes
has also become a key design challenge for biotechnology,
e.g., to form gene or drug delivery vectors or nanoreactors
[5-7]. It has recently become clear that many viruses perform
assembly and genome packaging within liquid-liquid phase
separated biomolecular condensates [8—14]. In this article,
we use theoretical modeling to show that coupling of as-
sembly and genome packaging with condensates can lead to
extremely selective packaging of the viral genome. These in-
sights shed light on viral lifecycles and could help to identify
targets for antiviral agents that interfere with viral conden-
sates. Our models also show how to apply principles from
virus assembly to human-engineered applications, by using
liquid-liquid phase separation (LLPS) to drive specific cargo
packaging.

Several mechanisms have been identified for selective
genome packaging. Intense experimental and theoretical re-
search has shown that for many viruses, the genome contains

“Contact author: hagan@brandeis.edu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2835-8279/2026/4(1)/013013(19)

013013-1

one or more sequence-specific packaging signals that interact
with packaging sites on capsid proteins [3,15-23]. Further-
more, the charge and structure of viral RNA molecules is
optimal for encapsidation by their capsid proteins [2,24-27].
Other mechanisms include coordinated capsid protein transla-
tion and assembly [28-30], as well as subcellular localization
of viral components [31-34]. Despite this evidence, how
selective packaging depends on these or other as yet unidenti-
fied mechanisms remains poorly understood for most viruses.
In this article, we investigate how coupling assembly and
genome packaging to condensates can significantly promote
the latter two mechanisms.

Biomolecular condensates are liquid- or gel-like droplets
composed of proteins and (often) nucleic acids. They act
as membraneless organelles that locally concentrate specific
components to facilitate cellular processes, such as signal-
ing [35,36], the cellular stress response [37—40], transcription
[41-45], and cell division. Condensates can also control self-
assembly within cells. Examples include the assembly of
clathrin cages during endocytosis [46], formation of post-
synaptic densities [47] and presynaptic vesicle release sites
(active zones) [48,49] at neuronal synapses, assembly of actin
within polypeptide coacervates [50], and modulating aggre-
gation of a-synuclein [51]. Beyond normal cellular functions,
many pathogens construct or exploit condensates within their
host cells. For example, many viruses perform assembly and
packaging of the viral nucleic acid within condensates known
as virus factories, replication sites, Negri bodies, inclusion
bodies, or viroplasms [8—13,52—69].

Condensate formation is driven by weak, multivalent inter-
actions among the constituents leading to LLPS. Importantly,
condensates are not simply regions of locally enhanced den-
sity of proteins and nucleic acid: instead, condensates are
representatives of a dense phase, coexisting with a dilute
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background phase. Many condensates thus display the hall-
marks of LLPS: they are droplets with well-defined interfaces,
whose surface tension drives them to gradually coarsen into
a single dense phase over time [70], unless coarsening is ar-
rested by elasticity or other mechanisms [71,72]. Additionally,
at equilibrium, condensates maintain a composition which is
independent of the total concentration of their constituents.
However, in nonequilibrium situations (such as during virus
assembly), the condensate composition will change over
time. Further, condensates can become gel-like or glassy
over time [73-77]. Indeed, condensates are also regulated
by nonequilibrium processes including internal chemical re-
actions [39,41-45,71,78-134]. Components that drive phase
separation are called scaffolds, while components that pref-
erentially partition into condensates but do not provide the
primary phase separation driving force are called clients
[135]. Scaffold phase separation is driven by a subtle interplay
between various intermolecular forces, including hydropho-
bic, electrostatic, hydrogen bonding, and m-7w and m-cation
interactions [89]. The precise balance between these different
interactions depends on the system; in rotavirus condensates,
for example, electrostatic, hydrophobic, and cation-r interac-
tions appear to be the most important [56].

In most viral condensates, favorable interactions drive
preferential partitioning (i.e., increase the local concentra-
tion) of viral RNA, capsid proteins, and other components.
The exact molecular origin of these interactions is still
unknown for most viruses, but partitioning into conden-
sates is generally driven by geometrical, chemical, and/or
sequence-specific interactions [136]. For example, in ro-
tavirus, whose viral condensates are one of the best-studied,
the viral RNA polymerase VP1, a client protein which binds
to the scaffold protein NSP5, recruits viral RNA by bind-
ing to an untranslated region on rotavirus transcripts [137].
In many negative-strand ssRNA viruses [57,60,69,138,139],
coronaviruses [64,140,141], and retroviruses [142,143], the
nucleocapsid protein is the scaffold and primary constituent of
the condensate. However, in other viruses, such as norovirus
[144], adenovirus [145], rotavirus [56,62,146] and reovirus
[68], auxiliary viral proteins are the scaffolds.

While there have been comparatively few investigations
of condensate-coupled assembly, in vitro experiments have
demonstrated that viral proteins and/or nucleic acids form
condensates (e.g., Refs. [57,64,140,147,148]), and that con-
densates can accelerate assembly of capsids [57]. On the
theoretical side, recent works using chemical-kinetics-based
rate equations [51,81,103,149-153] and molecular dynamics
(MD) simulations [154] have suggested that preferential parti-
tioning of subunits into condensates can significantly enhance
assembly rates and robustness against parameter variations.
However, models have yet to include genome packaging or
other forms of co-assembly within a condensate.

Here, we advance beyond these previous studies by con-
sidering the assembly of capsids around nucleic acids within
a condensate. We find that the condensate can significantly
increase the assembly rates and yields of capsids filled
with nucleic acids. Moreover, preferential partitioning (i.e.,
increased local concentration) of the viral RNA into the con-
densate can lead to highly selective packaging, and this effect
is amplified if nonviral RNA is preferentially excluded from

the condensate. Under these conditions, we observe essen-
tially 100% selectivity across a broad range of physiologically
relevant conditions. Furthermore, motivated by the observa-
tion that some viruses include ribosomes in their condensates
[155-160], we find that capsid protein translation during as-
sembly can further increase yields and selective packaging
when the condensate is present. Based on these observations,
we suggest that viral condensates provide a potent mechanism
for selective genome packaging. This mechanism could work
in synergy with previously proposed mechanisms for selective
packaging [3,161], such as packaging signals. More broadly,
our model is sufficiently general that it could be used to design
approaches that utilize LLPS to encapsulate specific cargoes
in a variety of biological and nanomaterials systems.

II. MODEL

We consider a minimal model for the effect of conden-
sates on selective packaging of RNA (Fig. 1). We focus on
ssRNA viruses, and we model the case in which nonstructural
proteins are scaffolds (e.g., the norovirus protein NS7, an
RNA-dependent RNA polymerase [144]), while the RNA and
assembly subunits are clients. We assume that subunits are
sufficiently dilute that their effects on condensate stability can
be neglected. However, our model can be readily extended to
the case where the capsid protein is the scaffold (which we
are considering in ongoing work), and to viruses with dSRNA
(e.g., rotavirus) or DNA genomes.

We extend rate equation models that we previously de-
veloped to describe assembly of empty capsids (containing
no RNA) within condensates [153]. Our system consists of
capsid subunits, cognate RNA, and noncognate RNA with
total concentrations or, Pcog, T, and pnc,T, respectively. Sub-
units can adsorb to and subsequently assemble around both
cognate and noncognate RNA, forming RNA-filled capsids
of size N subunits. These components are immersed in a
multicomponent solution which consists of a minority phase
(the viral condensate) coexisting with a majority phase (the
“background”). We refer to the volumes of the condensate
and background as V. and V;,, which are related to the total
system volume by Vit = V¢ + Vpg. We present results in terms
of the condensate size ratio (volume fraction), V; = V. /Vjpg.
We showed in our previous work [153] that assembly yields
are typically maximized when V; < 1, and the same is true of
the model considered here (see Fig. S1 [162]). Thus, unless
otherwise noted, we set V; = 1073, For simplicity, we con-
sider a single compartment, but our model is readily extended
to multiple compartments and doing so does not qualitatively
change the results.

A. Rate equation model
1. Partition coefficients

Due to favorable interactions between viral components
and condensate scaffold molecules, the compartment is
enriched in the subunits and cognate RNA. This effect is quan-
tified by partition coefficients K¢, Kcog, and Knc for subunits
(i.e., capsid proteins), cognate RNA, and noncognate RNA
molecules, which set the equilibrium ratios of concentrations
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Schematic of viral genome packaging within biomolecular condensates formed by liquid-liquid phase separation (LLPS). The viral

condensate (light purple circle) is enriched in viral components by recruiting viral RNA (red) and capsid subunits (cyan) while disfavoring
host RNA (blue). The condensate has volume V¢, while the surrounding background has volume Vy, = V — V.. We define the volume fraction
Vi = V./V; unless otherwise noted, V; = 1073. Subunits and RNA strands enter the condensate with diffusion-limited rate constants kpL,1/Ve
and kpr rna/Ve, respectively [Egs. (A2b) and (A3c)], and exit with rate constants kpr 1 /K.V. and kpr rna /K, Ve, for v = {cog, NC}. Subunits
adsorb onto RNA with rate constant k,q; and binding free energy g,qs, such that the unbinding rate constant is ~kaaseP8ass . Adsorbed subunits
can subsequently assemble; an RNA molecule with n adsorbed subunits and m assembled subunits undergoes dimerization (if m = 0) or
association of a subunit to the intermediate (if m > 2) with rate f; ,,. Disassembly occurs with rate b, ,,.

in the condensate and background:
b
K. = pf/p*
— bg
Keog = Pcog,(0,0) / Peog,(0,0)

Kne = pIC\IC,((),O)/'ONC,(O,O)' M

Here, pf is the concentration of monomers in phase o =
{c,bg} and py, ,, is the concentration of RNA of species
v = {cog, NC} in phase o with n adsorbed and m assembled
subunits. We emphasize that in Eqgs. (1) all concentrations
are at their equilibrium values. The partition coefficient K,
is related to the change in solvation free-energy Ag, for
a molecule v that transitions from the background to the
condensate as K, = e 2% with 8 = 1/kgT, where kgT is
the thermal energy. For simplicity, we assume that solvation
interactions are additive and thus partition coefficients are
multiplicative; i.e., the partition coefficient for a cognate RNA
with n adsorbed and m assembled subunits is given by

cog (n,m) = K(n+M) ()

cog

2. Capsid assembly model

To describe the assembly kinetics, we adapt a rate equa-
tion formalism originally developed by Zlotnick [168—174]
to describe the 2D polymerization of shells (capsids) in bulk
solution. We have previously used versions of this model

to describe condensate-coupled assembly of empty capsids
[153] and capsids assembling around nanoparticles in bulk
solution [175]. The rate equations describe the time evolution
of subunit and RNA concentrations:
d o

=MD T
d,O 3,(n,m) .

a

where v = {cog, NC} and a = {c,bg}. The quantities N'*, DY,
and T represent, respectively, the rate of change in free
subunit concentration due to adsorption and desorption, the
diffusive exchange of free subunits, and (when applicable)
the rate of subunit translation from mRNA molecules. Sim-
ilarly, the quantities /\/v (nm)> U (nm ) and DV (n.m) Ar€ the
rates of change of RNA concentrations due to adsorption,
assembly, and RNA diffusion, respectively, with n and m as
the numbers of adsorbed and assembled subunits. Detailed
expressions for these terms are given in Appendix A; here,
we briefly describe them. We assume that subunits adsorb
from solution (in background or condensate) onto the RNA
with rate constant k,qs and free energy gaqs due to nonspecific
electrostatic interactions between positive charges on capsid
proteins and negative charges on the RNA backbone; the
unbinding rate constant kge; = psskagse?%, with the standard
state concentration pss = 1M, follows from detailed balance.

(3a)

v(n m) +Mv(n m) +Dv (n,m)> (3b)
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The adsorbed subunits then undergo assembly into capsids of
size N. An RNA molecule with n adsorbed subunits and m
assembled subunits undergoes dimerization (if m = 0) or as-
sociation of a subunit to an assembly intermediate (if m > 2)
with rate f, ,; disassembly occurs with rate b, ,. Subunits
and RNA molecules (with adsorbed and assembled subunits)
can diffuse between the condensate and background; the
associated rate constants are kpr 1 and kpL, rna, respectively.
For the results in Fig. 5, subunits are synthesized from cognate
RNA with rate constant k; in all other main text figures, ki =
0. If k = 0, then the rate equations obey mass conservation:

Z Vool +Ve Z Zpﬁf(n,m)(n—i-m) =Vpr, (4a)
a=c,bg L v=cog,NC n,m

Z Va Z 'O‘(jlw(”qm) = V’O‘)sT’ V= {Cog3 NC}v (4b)

a=c,bg n,m

where o runs over condensate and background phases and v
runs over cognate and noncognate RNA.

B. Yields and selectivities

We report two measures of assembly. (1) We define the

total yield xenc as the fraction of RNA molecules in complete
capsids, including cognate and noncognate in the condensate
and the background. Noting that the concentration of RNA
molecules in capsids is equal to the concentration of complete
capsids oy,
XL = On/PRNAT, ()
where pPrNAT = Pcog,T + Pnc,T 1S the total RNA concen-
tration. We analogously define the cognate yield xos and
noncognate yield x3€ as

cog
xggcg - ION /pcog T,
NC NC
‘xenc = ION /IONC T» (6)

with py® and pJ© the concentrations of capsids enclosing
cognate and noncognate RNA, respectively. Yields of either
species in the condensate and background are defined simi-
larly (see Appendix B).

(2) We define the selectivity as s = o5/ pNC = Peog, Txens /
pNC,Tng; we then define the normalized selectivity, s, as

i 2
5= -1, @)

cog
1+ Xgl(f / Xenc

such that —1 < 5 < 1. When 5 =1, only cognate RNA is
encapsidated; when 5 = —1, only non-cognate RNA is en-
capsidated; when 5 = 0, cognate and noncognate RNAs are
encapsidated to an equal extent relative to the total concen-
tration of each species. That is, when 5 =0, py*/oNC =

pcog,T/loNC,T

C. Equilibrium assembly theory

We also develop an equilibrium theory for our system for
three reasons. First, the equilibrium theory identifies condi-
tions under which assembly is thermodynamically favorable,
and the maximum (infinite-time) values of yield and selec-
tivity. Second, we can derive approximate expressions that
provide easily understandable relationships for how yields

@ 1.0 .
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° :
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FIG. 2. LLPS increases the robustness and rate of genome pack-
aging. This figure shows results for one RNA species (cognate).
(a), (b) The yield (xI ), defined as the fraction of RNA molecules in
complete capsids [Eq. (5)] as a function of RNA concentration pgrna T
without (a) and with (b) LLPS for the subunit partition coefficient

= 100 and the RNA partition coefficient Kgna = 100. The total
subunit concentration is pr = N prna, SO there are just enough sub-
units to encapsidate every RNA molecule. The dashed black lines are
the equilibrium yield (Sec. S2B [162]), the blue lines with circular
markers are results from the rate equation model [Eq. (Al)] after
t =1 day, and the turquoise lines with square markers are results
from the rate equation model after t = 107 s. The dotted gray vertical
lines mark the RNA concentration (0.15 uM, close to a typical
physiological RNA concentration of ~0.1 uM (BNID 109916 [176])
at which the results in (c) were obtained. (c) Yield as a function of
time from the rate equation model for indicated values of the subunit
and RNA partition coefficients.

and selectivities depend on the key control parameters. Third,
although in the long-time limit the rate equation results (with
ky = 0) should closely match the equilibrium predictions
(see Fig. 2), at finite times slow nucleation or kinetic traps
may cause the rate equation results to deviate significantly
from equilibrium.

We calculate the equilibrium yields and selectivities using
mass conservation, the law of mass action, and the defini-
tions of the partition coefficients [Egs. 1 and (2)]. In the
Supplemental Material (Ref. [162]), Sec. S2 [162], we use
these relationships to derive self-consistent equations for the
equilibrium values of the yields [Eqgs. (5), (6), and (B1)].
While these equations are complicated, we obtain simpler
expressions for the equilibrium yield and selectivity in the
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limit of excess RNA (prnat > o1/N):

T ﬁ(ﬁcm/ o)V, for pr K pcac ®)

Xenc ™~ o
(1 — pcac/pr),  for pr > pcac

N prNAT
and

_ Peog (1 + ViKne) (1 4 ViKeogKY)

" one.r (1+ ViKeo) (1 + ViKncKY)

Here, pcac is the critical assembly concentration:

. ©)

B(gads+Gn/N) 1+ Vike

Pcac ~e 11V,

2-

1 + V.K,KY
Z _ v

]+VrKv pv,T )

v=cog,NC

where the term (¢ +Gv/N) (with Gy the free energy of an as-
sembled capsid) reflects the subunit-RNA and subunit-subunit
interactions, and the remaining terms account for translational
entropy costs and interactions of RNA and subunits with the
condensate.

Typical parameter ranges

In typical experiments, the condensate volume will be
small compared to the background, V; <« 1. For example,
rotavirus viroplasms vary from 0.1 um-5 um in diameter [62],
which gives V; &~ 1077-1072 for a typical mammalian cell
radius of 10 um. The typical total concentration of mRNA
molecules in mammalian cells is on the order of 0.1 uM
(BNID 109916 [176]), while viral RNA concentrations can
vary from 210 nM to a few uM [177]). These quantities can
be varied over much larger ranges with in vitro experiments.

For convenience, we define all model parameters and give
their values in Table I of the Appendix.

III. RESULTS

A. LLPS promotes robust encapsidation

We first investigate how LLPS affects assembly when there
is only one species of RNA, and subunits and the RNA
preferentially partition into the condensate, according to the
partition coefficients K. = p§/ p?g and Krna = Pina/ pEiA
(see the Model section). We consider a range of RNA concen-
trations, and for simplicity, a constant stoichiometric ratio of
subunits to RNA, pr = N prna ., s0 there are just enough sub-
units to encapsulate all RNA molecules. Both the equilibrium
and rate equation results show that the condensate increases
the range of concentrations leading to productive assembly by
orders of magnitude. Figure 2(a) shows the yield (the fraction
of RNA molecules in complete capsids, x_.) as a function of
RNA concentration without the effect of LLPS (i.e., no parti-
tioning, K. = 1, Krna = 1), while Fig. 2(b) shows yields with
strong partitioning (K. = 100, Kgna = 100). The equilibrium
theory predicts that above a critical concentration pcac the
yield monotonically increases with RNA concentration until
reaching nearly 100%. While the rate equation yields are
somewhat lower at the finite time of 1 day, they match the
equilibrium results by long times (107 s). LLPS increases the
range of concentrations at which assembly occurs by two

orders of magnitude, by increasing the local concentration
(i.e., within the condensate) by a factor of K, = Kgna = 100,
which lowers pcac by a factor of ~100 [see Eq. (10)].

Additionally, the rate equation predicts that the condensate
vastly increases assembly rates. Figure 2(c) shows yields as
a function of time, demonstrating that both the assembly rate
and the final yield dramatically and monotonically increase
with K. and Krna. These kinetics are shown for an RNA
concentration of prnaT = 0.15 uM [indicated by the gray
dotted lines in Figs. 2(a) and 2(b)], which is roughly consistent
with typical RNA concentrations in mammalian cells (BNID
109916 [176,178]). Thus, partitioning subunits and RNA into
condensates enables rapid, high-yield encapsidation over a
wide range of concentrations.

Note that the monotonic increase in yields at finite time
with concentration contrasts with previous studies on empty
capsid assembly, which find that the yield decreases at high
concentrations due to a kinetic trap in which overly rapid
capsid nucleation starves the system of free subunits be-
fore assembly can complete. This trap does not occur for
our results at the stoichiometric ratio pr = NprnaT be-
cause the amount of nucleation is limited by the number
of RNA molecules, as shown previously for assembly of
capsids around nanoparticles [175]. However, at sufficiently
high concentrations, empty capsid assembly and malformed
assemblies [24,175,179,180], which we have neglected in this
study, would deplete finite-time yields.

B. LLPS provides a mechanism for selective
viral genome packaging

We now consider a system with two RNA species: cog-
nate (viral) and noncognate (host). Consistent with the early
stages of viral infections, where viral RNA is scarce com-
pared to host RNA, we focus on conditions where the
fraction of total RNA that is cognate is relatively small,
feog = Peog, T/ (Peog, T + pnc,T) = 0.1. In the main text results,
we consider a stoichiometric ratio at which there are just
enough subunits to encapsulate all the cognate RNA, pr =
N feogPrRNA,T, Dut we present results in Supplemental Material
(Ref. [162]), Sec. S1 (Figs. S4-S6 [162]) for other values of
feog and pr, which we discuss later in this section.

Cognate RNA molecules favorably partition into the con-
densate (with partition coefficient K.g) due to favorable
interactions with condensate components, while noncognate
RNA tends to be excluded from the condensate (with parti-
tion coefficient Kxc). Our model is agnostic to the molecular
details of how this partitioning occurs. The partitioning mech-
anism is currently unknown for norovirus, whose ssRNA
genome and nonstructural protein condensate most closely
reflect our model [144]. However, in rotavirus condensates
(which have dsRNA genomes), the client protein VP1 binds
viral RNA to drive its partitioning [137]. We will extend
our model to account for such dsRNA genomes in future
work. Host RNA could be excluded by less specific effects,
e.g. an entropic penalty [124,181]. While either selective in-
corporation of cognate RNA into condensates or exclusion
of non-cognate RNA from condensates alone can promote
selective partitioning, we find that selectivity is most robust
when both mechanisms operate. Note, however, that binding
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FIG. 3. LLPS drives selective packaging of cognate RNA over
a wide range of concentrations. (a), (b) Yields of cognate (cog,
red, circles) and noncognate (NC, blue, triangles) RNA versus total
subunit concentration, without (a) and with (b) LLPS. Solid lines
denote equilibrium results (Sec. S2B [162]), while dashed lines with
markers correspond to rate equation results [Eq. (Al)] at ¢ = 1 day.
(c) Normalized selectivity [Eq. (7)] with (orange) and without (black)
LLPS. Solid lines denote equilibrium results, while dashed lines with
markers correspond to rate equation results at # = 1 day. For (a) and
for black lines in (c), K. = K.og = Knc = 1, while for (b) and for or-
ange lines in (c), K. = K.y = 100 and Kxc = 1072, For these results,
Jeog = PRNAcog/ (PRNAcog + PrRNANC) = 1/10 and pr = N prNa cog» SO
there are just enough subunits to encapsidate every cognate RNA
strand.

of subunits to either species of RNA increases its partition
coefficient [see Eq. (2)].

Figures 3(b) and 3(c) show that these conditions with
strong partitioning (K. = Ko, = 100 and Knc = 1072) drive
essentially perfectly selective packaging of cognate RNA over
a wide range of subunit concentrations. In particular, parti-
tioning lowers the critical assembly concentration for cognate
RNA by roughly two orders of magnitude, and above this
threshold drives an equilibrium xg¢ approaching 100%, with
no assembly around noncognate RNA (5~ 1). In Fig. S2
[162], we show how the cognate yield varies with time for sev-
eral different values of the partition coefficients. As in the case
of a single species of RNA [Fig. 2(c)], partitioning increases
both the assembly rate and the final (r = 1 day) yield. For a
wide range of prnaT, the rate equation results nearly reach
equilibrium by 1 day. However, at high RNA concentrations
PRNAT 2 1 uM (an order of magnitude above typical physio-
logical concentrations), the cognate yield drops markedly and
noncognate yield increases slightly. This difference between
finite time and equilibrium reflects a kinetic trap: At such high

concentrations, the nucleation rate in the background becomes
comparable to the rates of subunit diffusion into and assembly
within the condensate (see Fig. S3 and Sec. S3 [162] for
timescale estimates). Consequently, subunits become stuck in
partially or fully assembled capsids containing noncognate
RNA.

Figure 3(a) shows the control example with no LLPS
effects (K. = Keog = Knc = 1). Here, there is no distinc-
tion between cognate and noncognate RNA, and thus no
selectivity [§ = 0, black lines in Fig. 3(c)—capsids assemble
around RNA species in proportion to their concentrations. The
overall yield (fraction of each RNA species enclosed, x. )
is limited to feog = 0.1 by the subunit stoichiometric ratio
(o1/N pRNA,T = feog); higher stoichiometric ratios of subunits
lead to higher yields (Fig. S4 [162]).

1. Varying stoichiometric ratio and fraction cognate

The results thus far consider a limiting subunit stoichiomet-
ric ratio pr = N pcog, 1 and one value of feoe = 0.1. Figure S4
[162] shows results for a higher subunit stoichiometric ratio
ot = Nprna T, sufficient to encapsidate all RNA molecules.
LLPS still leads to selective encapsidation in this case, al-
though over a significantly narrower range of concentrations
compared to Fig. 3(b). Figure S5 [162] shows that, for fixed
pne,1, the yields decrease with decreasing fiog, consistent
with the simplified equilibrium expression Eq. (8) due to
the increasing chemical potential cost to remove a cognate
RNA from solution as its concentration decreases. Importantly
though, selectivity remains high throughout the range over
which cognate RNA is encapsidated. Moreover, high yields
can be achieved even at low f.,, by increasing the total
RNA concentration prna 1 and thus the cognate concentration
(Fig. S6 [162]).

2. Varying partition coefficients

Figure 4 shows how selectivity depends on the partition
coefficients for the typical noncognate RNA concentration
prNAT = 0.1 uM. Figure 4(a) shows varying subunit parti-
tion coefficient K., demonstrating that selectivity remains
extremely high even for low K, under strong partitioning/
exclusion of cognate/noncognate RNA. For K. 2 2, capsids
assemble almost exclusively around cognate RNA (5 ~ 1).
Note that the approximate equilibrium selectivity [Eq. (9)],
which depends only on the ratio of total cognate and noncog-
nate concentrations and not on the concentrations themselves,
closely matches the exact equilibrium result and the rate equa-
tion results at t = 1 day. Thus, Eq. (9) serves as a simple
and accurate predictor of how much partitioning is required
to achieve a desired selectivity. Figure 4(b) shows Eq. (9) as
a function of K¢os and Knc for K. = 100, demonstrating that
when subunit partitioning is strong, only modest partitioning
of cognate into, and/or noncognate out of, the condensate
is required to achieve high selectivity. Figures 4(c) and 4(d)
show how the selectivity depends on K.os and Knc for weak
subunit partitioning K, = 3 and noncognate [Fig. 4(c)] or
cognate [Fig. 4(d)] RNA partitioning. Selectivities close to
one are attained for K., 2 10 [Fig. 4(c)] and Knc < 0.1 [Fig.
4(d)]. Taken together, these results show that LLPS enables
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FIG. 4. LLPS promotes selective viral genome packaging over a wide range of partition coefficients. (a) Normalized selectivity [5, Eq. (7)]
as a function of K.. Selectivity is shown for dynamics at + = 1 day (red triangles), exact equilibrium (blue circles), and the approximate
equilibrium result [solid black line, Eq. (9)] for pxcr = 0.1 uM, fioe = 0.1, Koog = 10%, and Knc = 1072, (b) Approximate equilibrium
selectivity [Eq. (9)] as a function of K., and Knc for pncr = 0.1 uM, fooe = 0.1, and K, = 10%. (c) Selectivity as a function of Koy for
pone,r = 0.1 uM, feop = 0.1, K. = 3, and Kyc = 0.3. (d) Selectivity as a function of Kyc for pne,r = 0.1 uM, foo = 0.1, K. = 3, and K, = 3.
For all rate equation and exact equilibrium results in this figure, pr = N pcog,v. Note that the approximate equilibrium result, Eq. (9), is

independent of pr.

highly selective packaging of cognate RNA at physiologically
realistic concentrations and partition coefficients.

C. Subunit translation further enhances packaging selectivity

The concentration of viral proteins is not constant in in-
fected cells, since subunits are synthesized from (positive
sense) viral RNA by ribosomes. Some viruses incorporate
ribosomes within viroplasms [155-160], suggesting the pos-
sibility of protein translation within condensates. Therefore,
we now consider the consequences of subunit translation for
condensate-mediated selective packaging. We assume that
subunit translation occurs at a rate proportional to local cog-
nate RNA concentration (see the Model section). However,
since the actual rate will depend on ribosome concentration
along with other factors, we treat the translation rate constant
ki as a variable parameter.

Figures 5(a) and 5(b) show how the yield and selectiv-
ity vary with the total RNA concentration for a range of
translation rates. Figure 5(a) shows that increasing translation
rates makes assembly significantly more robust, increasing
the range of total RNA concentrations that result in high
cognate yields by up to 100-fold. Figure 5(b) shows that the
effect of translation on selectivity is more nuanced at these
parameters. Translation enables high selectivity at low RNA
concentrations (prnar S 0.01 uM, where no assembly occurs

with k; = 0), and modestly increases the selectivity at very
high RNA concentrations (ornaT = 1 uM). The latter effect
arises because subunits are preferentially being synthesized
inside the condensate, circumventing the monomer starvation
kinetic trap due to subunits binding to noncognate RNA in the
background. However, since selectivity is already 100% over
the range prnaT € (0.01, 1) uM at these parameters, transla-
tion has little effect in this range except for slightly decreasing
selectivity at extremely high rates (k, = 10~3s~!). This effect
arises because high translation rates lead to high subunit sto-
ichiometric ratios (in both the condensate and background),
causing capsids to assemble around noncognate and cognate
RNA.

IV. DISCUSSION

Our results show that coupling self-assembly to biomolec-
ular condensates is a powerful strategy for making viral
genome packaging robust, rapid, and selective. Despite the
significant excess noncognate RNA present in an infected cell,
preferential partitioning of subunits and cognate RNA into the
condensate leads to high yields of capsids containing viral
genomes and high selectivity—low yields of capsids with
noncognate RNA. For physically relevant ranges of partition
coefficients, we observe essentially perfect selectivity over
wide ranges of RNA and capsid protein concentrations. Al-
though selective packaging does not require exclusion of host
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FIG. 5. Translation of capsid proteins in the condensate increases
selective packaging of the viral genome. (a) Fraction of cognate RNA
in complete capsids (xgns) as a function of total RNA concentration
for indicated capsid protein translation rates. (b) Normalized selec-
tivity § for cognate RNA as a function of total RNA concentration for
indicated translation rates. Other parameters are K. = K., = 102,
Kne = 1072, fioe = 0.1, and V; = 1073, For k, = 0, we set pr =
N pcog,1, SO there are just enough subunits to encapsidate all cognate
RNA strands.

genetic material from the condensate, selectivity is optimized
when viral condensates both enrich themselves with viral
structural components and exclude host genetic material. We
also find that partitioning of subunits and cognate RNA into
the condensate can increase assembly rates and robustness
(the range of concentrations leading to high yields) by orders
of magnitude, consistent with previous studies of empty cap-
sid assembly [153,154].

Motivated by the observation of ribosomes in or near some
viral condensates, our model predicts that protein translation
can enhance selective packaging. While previous work has
shown that assembly can be improved by addition of capsid
proteins during assembly [28,182,183], a key difference in our
system that enhances selectivity is that translation is propor-
tional to the local viral RNA concentration, which is higher in
the condensate.

A. Comparison with packaging signals and other mechanisms
for selective packaging

While several mechanisms have been proposed for selec-
tive viral packaging [3], most work has focused on packaging
signals, which are specific RNA sequences that interact with
sites on capsid proteins. Here, we show that an alternative
mechanism, co-recruitment of capsid proteins and viral RNA
molecules into a condensate, is also a powerful mechanism
to drive selectivity. While, for simplicity, we did not consider
packaging signals in this model, it seems likely that selectivity
could be further enhanced by combining packaging signals

with condensate-coupled assembly. Thus, a natural next step
will be to incorporate packaging signals into our model.

Indeed, a number of viruses that employ condensates dur-
ing genome packaging are known to have packaging signals,
such as HIV [142,143,184—187], rotavirus [188], and reovirus
[189]. It is also worth noting that the viral condensate scaf-
folds must have a mechanism to distinguish viral from host
RNA, which likely involves sequence-specific interactions;
for example, rotavirus RNA is recruited by the viral RNA
binding protein VP1. Alternatively, favorable capsid protein-
condensate interactions among capsid proteins adsorbed to
viral RNA could facilitate partitioning of viral RNA (as ob-
served for ebolavirus [69,190]). Finally, noncognate RNA,
which does not have such preferential interactions with viral
proteins, could be preferentially excluded from the condensate
by generic entropic forces [124,181].

B. Extending to alternative coarse-grained models

Our rate equation model builds on previous work by
Zlotnick [168—174] and ourselves [153,175], and is closely
related to the Becker-Doring equations [191], but many other
coarse-grained frameworks for modeling self-assembly exist,
including approaches based on Smoluchowski coagulation
[192], Hohenberg-Halperin dynamics [193] (applied to capsid
assembly by Zandi and van der Schoot [194,195]), Cahn-
Hilliard dynamics [103,196], and other chemical kinetics
models [103,152,197-200]. These approaches could also be
extended to model LLPS-mediated selective packaging. Al-
though model predictions may differ quantitatively (e.g., the
precise increases in rate and yield with partition coefficients),
we expect that they will all give similar qualitative results to
our model as long as cognate RNA and capsid subunits tend
to partition into the condensate and noncognate RNA tends
to be excluded. Many of these coarse-grained approaches
are limited by selecting a low-dimensional order parameter
(e.g., assembly size) to describe the assembly kinetics and by
neglecting the possibility of malformed intermediates. These
assumptions can be justified if assemblies attain local equi-
librium at each size, but in practice this is often not the case
[182]. Approaches that do not make this assumption, such as
particle-based molecular dynamics simulations, could be used
to test coarse-grained model predictions.

C. Testing in experiments

Because our models are general and do not depend on spe-
cific molecular details, their predictions can apply to diverse
experimental systems in which assembly subunits and a cargo
preferentially partition into phase-separated condensates. As
noted in the Introduction, there are cellular systems in which
multiple components preferentially partition into conden-
sates to promote co-assembly, such as clathrin cages and
cargo during endocytosis [85,201-205]. Selective partitioning
and exclusion of different molecules is a common feature
among biomolecular condensates [78,124,135,181,206,207],
and thus likely represents a general strategy for promoting
desired reactions while simultaneously preventing undesir-
able ones. Because selectivity depends on K. as s o< K
[see Eq. (9)], this strategy is particularly advantageous for
high-order reactions (such as viral genome packaging).
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The biological systems that most directly motivate this
work are viral condensates in which capsids assemble around
the genome (e.g., Refs. [56,68,144]). Our theoretical predic-
tions could be tested in these systems if there is a way to
manipulate partition coefficients of viral RNAs and capsid
proteins (perhaps via phosphorylation [208]) or by controlling
other variables such as RNA concentration. Our predictions
of how the subunit translation rate affects selectivity could
potentially be tested by introducing ribosomes and varying
their concentration.

We note that many dsDNA viruses first assemble empty
capsids, and subsequently package their genomes using
molecular motors [209]. In this case, condensates could still
enhance empty capsid assembly (as predicted by our previous
work [153,210]). Condensates could improve selectivity for
the DNA as well, but typically the packaging motor is highly
selective for viral DNA [209].

However, it would be more straightforward to directly test
our predictions with in vitro experiments on phase-separated
condensates, which enable more direct control over concen-
trations and partition coefficients. For example, the capsid
proteins and RNA from several viral systems have been shown
to form condensates in vitro [56,57,67,68]. Measuring pack-
aging selectivity (which can be achieved using established
protocols [1,4]) as a function of RNA and subunit concen-
trations would enable testing our prediction that condensates
enable selective packaging over a wide range of concentra-
tions. More broadly, DNA origami and protein design have
recently been used to engineer subunits that assemble into
capsids [211-219]. In the DNA origami system, the cap-
sids were further engineered to assemble around cargoes of
DNA or functionalized nanoparticles. Our predictions could
be tested by engineering such subunits to favorably partition
into the condensate (e.g., through DNA handles or other types
of interactions), and two species of cargoes that have been
functionalized to have different partition coefficients for the
condensate. Recent work by Kelley et al. [181] has shown
that nanoparticles can be driven to partition into protein con-
densates when their surfaces are functionalized with biotin
or oligonucleotides [181]. The nanoparticle partition coeffi-
cients can be controlled by changing the number (biotin) or
length (oligonucleotides) of surface molecules. Such nanopar-
ticles would be particularly attractive candidates for cargo
molecules, since they could be used to test our predictions for
how selectivity depends on cargo partition coefficients.

D. Outlook

Given that subunit translation can enhance selective pack-
aging, it would be interesting to extend our model to consider
the timing of translation, since previous computational studies
suggest that continuously modulating the concentration of
available subunits can optimize self-assembly [28,220]. Fur-
ther, to simplify a large parameter space, we have assumed
a fixed RNA concentration in this work, but the model can
be extended to account for RNA transcription. We have also
assumed that the condensate properties are independent of
the local concentration of viral components. However, studies
of ebolavirus [69] and SARS-CoV-2 [221] have shown that
the material properties of condensates and even condensate
formation itself can be sensitive to the concentrations of, e.g.,

nucleic acids. Future work should assess the interplay between
condensates’ phase behavior and the local concentration of
viral components. Finally, it will be important to test model
assumptions, such as the influence of excluded volume [154]
and RNA structure [24,222-225], using particle-based molec-
ular dynamics simulations.

Such studies will advance our understanding of
condensate-mediated assembly as a fundamental mechanism
for selective co-assembly in biology. They also have
practical implications for biomedicine and nanomaterials.
Understanding LLPS could lead to new antiviral therapy
approaches that block assembly and/or selective genome
packaging, and could guide the development of condensates
as a powerful approach for nanoscale packaging in human-
engineered systems.
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APPENDIX A: RATE EQUATIONS

To model the kinetics of LLPS-coupled genome packaging,
we use the following rate equations:
d o
_(';)tl =N 4+DY+T°, (Ala)

doy
J(n,m)
dr = N\?,[(n,m) + M?Jt,(n,m) + D(j,(il,m)’

where v = {cog, NC} and a = {c,bg}. The quantities N'*, Dy,
and T represent, respectively, the rate of change in free
subunit concentration due to adsorption and desorption, the
diffusive exchange of free subunits, and (when applicable) the
rate of subunit translation from mRNA molecules:

(Alb)

N N-m
N = —kaaspf 3 D (N = (im) Y Pl
m=0 n=0 v=cog,NC
N N-m
195 310 SUID DY I
m=0 n=0 v=cog,NC
1 bg C
1r — K), a=c
P | % DL,l(pl :01/ ) (A2b)
VD, @=be
N—1 N—m
T =k 33 e um (A2¢)
m=0 n=0
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TABLE I. Simulation parameter values and descriptions. Parameters without explicitly listed units (in parentheses) are dimensionless.

Parameter Value(s) Description

ot (UM) 1073-100 total capsid subunit concentration
Peog, T (UM) 5% 1075-5 total cognate RNA concentration
pone.r (UM) 4.5 x 107*-45 total noncognate RNA concentration
Vior (um?) 4190 total volume

V: 1073 condensate size ratio

Ve (um?) 4 condensate volume

Vb (Wm?®) 4186 background volume

K. 1-100 subunit partition coefficient

Keog 1-100 cognate RNA partition coefficient

Kxe 0.01-1 noncognate RNA partition coefficient
8nue (kgT) -5 subunit binding free energy in nucleation phase
Zelong (kgT) —10 subunit binding free energy in elongation phase
gn (kgT) -20 binding free energy of final subunit
8ads (kgT) -3.5 adsorption free energy

Gy (kgT) —200 free energy of assembled capsid

kags (WM~ 157 100 adsorption rate constant

N 20 number of subunits in complete capsid
Tnue 3 critical nucleus size

Seog 0.1 ratio of cognate RNA to total RNA

D (um?/s) 10 subunit diffusion constant

Dgna (um?/s) 1 RNA diffusion constant

fos™h 10% assembly rate constant

Here, k,qs is the rate constant for adsorption of subunits to
RNA, and g.qs is the adsorption free energy; the desorp-
tion rate constant kges = psskaas€’%**, with the standard state
concentration pss = 1M, follows from detailed balance. The
sums over n run over the number of adsorbed (but unassem-
bled) subunits; the sums over m run over the number of
assembled subunits, and the prime symbol indicates that the
sum excludes m = 1 (there are no single assembled subunits);
and the sums over v run over {cog, NC}. For simplicity, we
assume that a maximum of N subunits can adsorb to a single
RNA molecule. Thus, the sums over n have an upper limit of
N — m. The diffusion-limited rate constant kp;, | = 4w R.D;
sets the speed at which subunits enter the condensate. The
condensate radius is given by R. = (V./(4/3))!/3, and we

J

set D; = 10 um? /s (a typical value for proteins in the cyto-
plasm BNID 112087 [176]). Finally, & is the translation rate
constant. We consider the effects of translation in Sec. 111 C;
in other cases, we set ki, = 0. Note that when we do include
translation, we assume that RNA with adsorbed and partially
assembled subunits is still accessible for translation. We have
tested this assumption by using alternative models in which
either (1) only RNA which has no adsorbed subunits or (2) all
RNA except those which are fully encapsidated are accessible
for translation, and we find very similar behavior for all three
models (see Fig. S7 [162]).

The quantities ./\/'ff(n’m), ./\/l‘l’j’(n’m), and D‘:’(n’m) are the rates
of change of RNA concentrations due to adsorption, assembly,
and RNA diffusion, respectively:

l?f(n,m) = kadspllxp:i(n_l,m) - kadspllxpl‘i(n,m) - kdespg,(n,m) + kdespf,(n_‘_l’m), (A3a)
bn72,2:03[7(n,2,2) - fn+2,0)010fy(n+270), m=20

« _ fn+2,0;0:i(n+2,0) = (fam + bn,m)p:i(n,m) + bn—l,m+l;03’(n_1,m+1)y m = (A3b)

\(n,m) T

s fn+1,m71p3{,(n+17m,1) = (fum + bn,m)p:i(n,m) + bnfl,m+lpg'(n,1‘m+1)s m> 2
fn+l,N—lp3q(n+1,N_1) _bn,Npg,(,,,N)’ m=N,
1 bg —

o _ fekoirna (e g = 00w/ (KKET)), @ =c A3

v.(nm) = De _ (A3c)
_Vr v,(n,m)’ o= bg

The RNA diffusion-limited rate constant is kpp rnA =
4w R.Drna. We assume for simplicity that Drna = 1 um?2/s,
independent of how many subunits are adsorbed; the lower
value of Drna compared to D reflects the larger size of RNA
compared to capsid proteins.

Molecular dynamics simulations have shown that cap-
sid assembly on nucleic acids and other polymers involves
a complex dynamics including cooperative polymer-subunit
motions [24,179,227,228]. Importantly though, subunit as-
sociation rates depend primarily on the concentration of
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adsorbed but unassembled subunits, with a weak dependence
on polymer length [227]. Therefore, for the simple model in
this work we follow Dykeman ef al. [229] and assume that
intermediates can only associate with subunits at adjacent
sites on the polymer. The forward assembly rates are then
given by

Sfon/(N — m), O<m<N
fom = { Jon(n —1)/2N), m=0,n>0 (Ada)
0, otherwise.

Here the term n/(N — m) reflects the probability that an ad-
sorbed subunit is adjacent to the assembly intermediate; the
additional factor (n — 1)/2 in the second line of Eq. (A4a)
accounts for the fact that dimerization can happen anywhere
along the RNA molecule. The term f is the association rate
constant given the presence of an adjacent subunit. We set
fo = 10*s~! (see Sec. S4 [162] and Ref. [229] for an explana-
tion of this estimate).

The dissociation rate constants then follow from detailed
balance as

ePen. m>0
b = 17° , (Adb)
0, otherwise.

1. Assembly model

Following Refs. [168—174], the assembly reaction is split
into nucleation and elongation (or growth) phases to reflect
the fact that smaller intermediates have fewer attractive con-
tacts per subunit and are thus less stable compared to larger
intermediates. Therefore, below a critical nucleus size npyc,
the excess free energy of subunit binding is unfavorable at
productive reaction conditions, whereas association in the
elongation phase is favorable, driving forward-biased assem-
bly. We set npye = 3, N = 20, gnue = —5ksT, 8elong = 28nucs
and gy = 4gnuc- The especially favorable value of gy reflects
the fact that in most capsid structures, the final subunit makes
more contacts than previous steps in the elongation phase. We
assume that g,4s and the subunit-subunit affinities are the same
in the condensate and background.

This model assumes a single simplified assembly pathway,
with a single intermediate per RNA molecule. While the ap-
proach can be extended to allow for additional assembly path-
ways [230], this can be done more efficiently using stochastic
simulations [229,231-233]. Moreover, the spatial structure
of assembly can be accounted for using particle-based
MD simulations (e.g., Refs. [24,179,210,223,224,227,234—
239]) or the reaction-diffusion framework NERDDS [240].
Accounting for the effects of RNA on assembly path-
ways and intermediate structures will be most straight-
forward to accomplish using MD simulations (e.g., Refs.
[24,179,180,223-225,241,242]). We have also assumed that
association of subunits in solution to intermediates occurs
at negligible rates in comparison to RNA-bound subunits.
Furthermore, we neglect the possibility of empty capsids
since these will be present at extremely low populations
in comparison to RNA-filled capsids for the parameters
we study: the relative equilibrium concentrations of empty
and filled capsids is ;’:((eﬁnlql;tdy)) = PrRNAFEXP(BNgaas) K 1,
with prnafs the free RNA concentration [175,243]. Consis-
tent with this prediction, most viruses that use LLPS do not
assemble empty virions.

APPENDIX B: YIELDS IN CONDENSATE
AND BACKGROUND

Condensate cognate/noncognate and background cognate/
noncognate yields are defined as

e _ PN. Vi
o L+ VY
v,bg
1
xobe — PN (B1)

o pur 1V

where py® is the concentration of capsids enclosing RNA of
species v = {cog, NC} in phase o = {c,bg}. Figure S3 [162]
shows x;:¢ and x:;};g versus time for moderate and high RNA
concentrations. At moderate RNA concentrations, there is no
assembly in the background at any time; at high RNA con-
centrations, there is a small yield in the background at short

times, but these capsids quickly diffuse into the condensate.

[1] A. Routh, T. Domitrovic, and J. E. Johnson, Host RNAs,
including transposons, are encapsidated by a eukaryotic
single-stranded RNA virus, Proc. Natl. Acad. Sci. USA 109,
1907 (2012).

[2] M. Comas-Garcia, R. D. Cadena-Nava, A. L. N. Rao, C. M.
Knobler, and W. M. Gelbart, In vitro quantification of the rela-
tive packaging efficiencies of single-stranded RNA molecules
by viral capsid protein, J. Virol. 86, 12271 (2012).

[3] M. Comas-Garcia, Packaging of genomic RNA in positive-
sense single-stranded RNA viruses: A complex story, Viruses
11, 253 (2019).

[4] A. Rastandeh, N. Makasarashvili, H. K. Dhaliwal, S. Baker,
S. Subramanian, D. A. Villarreal, E. I. Gamez, K. N. Parent,
and R. F. Garmann, Measuring the selective packaging of RNA
molecules by viral coat proteins in cells, Proc. National Acad.
Sci. 122, 2505190122 (2025).

[5] J. W. Wilkerson, S.-O. Yang, P. J. Funk, S. K. Stanley, and
B. C. Bundy, Nanoreactors: Strategies to encapsulate enzyme
biocatalysts in virus-like particles, New Biotechnol. 44, 59
(2018).

[6] F. A. Galaway and P. G. Stockley, MS2 Viruslike parti-
cles: A robust, semisynthetic targeted drug delivery platform,
Mol. Pharmaceutics 10, 59 (2013).

[7]1 C. M. Guenther, B. E. Kuypers, M. T. Lam, T. M. Robinson,
J. Zhao, and J. Suh, Synthetic virology: Engineering viruses
for gene delivery, WIREs Nanomed. Nanobiotechnol. 6, 548
(2014).

[8] S. Brocca, R. Grandori, S. Longhi, and V. Uversky, Liquid-
liquid phase separation by intrinsically disordered protein
regions of viruses: Roles in viral life cycle and con-
trol of virus-host interactions, Int. J. Mol. Sci. 21, 9045
(2020).

013013-11


https://doi.org/10.1073/pnas.1116168109
https://doi.org/10.1128/JVI.01695-12
https://doi.org/10.3390/v11030253
https://doi.org/10.1073/pnas.2505190122
https://doi.org/10.1016/j.nbt.2018.04.003
https://doi.org/10.1021/mp3003368
https://doi.org/10.1002/wnan.1287
https://doi.org/10.3390/ijms21239045

LAYNE B. FRECHETTE AND MICHAEL F. HAGAN

PRX LIFE 4, 013013 (2026)

[9] T. A. Etibor, Y. Yamauchi, and M. J. Amorim, Liquid
biomolecular condensates and viral lifecycles: Review and
perspectives, Viruses 13, 366 (2021).

[10] I. Fernandez de Castro, R. Tenorio, and C. Risco, Virus fac-
tories, in Encyclopedia of Virology, 4th ed., edited by D. H.
Bamford and M. Zuckerman (Academic Press, Oxford, 2021),
pp- 495-500.

[11] A. Gaete-Argel, C. L. Marquez, G. P. Barriga, R. Soto-Rifo,
and F. Valiente-Echeverria, Strategies for success. Viral in-
fections and membraneless organelles, Front. Cell. Infect.
Microbiol. 9, 336 (2019).

[12] N. Lopez, G. Camporeale, M. Salgueiro, S. S. Borkosky, A.
Visentin, R. Peralta-Martinez, M. E. Loureiro, and G. de Prat-
Gay, Deconstructing virus condensation, PLoS Pathog. 17,
€1009926 (2021).

[13] J. E. Schoelz and S. Leisner, Setting up shop: The formation
and function of the viral factories of cauliflower mosaic virus,
Front. Plant Sci. 8, 1832 (2017).

[14] M. Alenquer, S. Vale-Costa, T. A. Etibor, F. Ferreira, A. L.
Sousa, and M. J. Amorim, Influenza A virus ribonucleopro-
teins form liquid organelles at endoplasmic reticulum exit
sites, Nat. Commun. 10, 1629 (2019).

[15] ALN. Rao, Genome packaging by spherical plant RNA
viruses, Annu. Rev. Phytopathol. 44, 61 (2006).

[16] P. G. Stockley, N. A. Ranson, and R. Twarock, A new
paradigm for the roles of the genome in SSRNA viruses,
Future Virol. 8, 531 (2013).

[17] L. Pappalardo, D. J. Kerwood, I. Pelczer, and P. N. Borer,
Three-dimensional folding of an RNA hairpin required for
packaging HIV-1, J. Mol. Biol. 282, 801 (1998).

[18] K. Lu, X. Heng, and M. F. Summers, Structural determinants
and mechanism of HIV-1 genome packaging, J. Mol. Biol.
410, 609 (2011).

[19] V. D’Souza and M. F. Summers, How retroviruses select their
genomes, Nat. Rev. Microbiol. 3, 643 (2005).

[20] P. K. Sorger, P. G. Stockley, and S. C. Harrison, Structure and
assembly of turnip crinkle virus. 2. Mechanism of reassembly
in vitro, J. Mol. Biol. 191, 639 (1986).

[21] D. Beckett, H. N. Wu, and O. C. Uhlenbeck, Roles of operator
and non-operator RNA sequences in bacteriophage R17 capsid
assembly, J. Mol. Biol. 204, 939 (1988).

[22] D. H. J. Bunka, S. W. Lane, C. L. Lane, E. C. Dykeman, R. J.
Ford, A. M. Barker, R. Twarock, S. E. V. Phillips, and P. G.
Stockley, Degenerate RNA packaging signals in the genome of
satellite tobacco necrosis virus: Implications for the assembly
of a T =1 capsid, J. Mol. Biol. 413, 51 (2011).

[23] E. C. Dykeman, N. E. Grayson, K. Toropova, N. A. Ranson,
P. G. Stockley, and R. Twarock, Simple rules for efficient
assembly predict the layout of a packaged viral RNA, J. Mol.
Biol. 408, 399 (2011).

[24] J. D. Perlmutter, C. Qiao, and M. F. Hagan, Viral genome
structures are optimal for capsid assembly, eLife 2, e00632
(2013).

[25] G. Erdemci-Tandogan, J. Wagner, P. van der Schoot, R.
Podgornik, and R. Zandi, RNA topology remolds electrostatic
stabilization of viruses, Phys. Rev. E 89, 032707 (2014).

[26] J. B. Bancroft, E. Hiebert, and C. E. Bracker, Effects of vari-
ous polyanions on shell formation of some spherical viruses,
Virology 39, 924 (1969).

[27] T. Hohn, Role of RNA in the assembly process of bacterio-
phage fr, J. Mol. Biol. 43, 191 (1969).

[28] E. C. Dykeman, P. G. Stockley, and R. Twarock, Solving a
Levinthal’s paradox for virus assembly identifies a unique an-
tiviral strategy, Proc. Natl. Acad. Sci. USA 111, 5361 (2014).

[29] P. Annamalai, F. Rofail, D. A. DeMason, and A. L. N.
Rao, Replication-coupled packaging mechanism in positive-
strand RNA viruses: Synchronized coexpression of functional
multigenome RNA components of an animal and a plant virus
in Nicotiana benthamiana cells by agroinfiltration, J. Virol. 82,
1484 (2008).

[30] C. C. Kao, P. Ni, M. Hema, X. L. Huang, and B. Dragnea, The
coat protein leads the way: An update on basic and applied
studies with the brome mosaic virus coat protein, Mol. Plant
Pathol. 12, 403 (2011).

[31] D. Bamunusinghe, J.-K. Seo, and A. L. N. Rao, Subcellular
localization and rearrangement of endoplasmic reticulum by
brome mosaic virus capsid protein, J. Virol. 85, 2953 (2011).

[32] ALN. Rao, S. Chaturvedi, and R. F. Garmann, Integration of
replication and assembly of infectious virions in plant RNA
viruses, Curr. Opin. Virol. 9, 61 (2014).

[33] G. Tarquini, P. Ermacora, G. L. Bianchi, F. De Amicis, L.
Pagliari, M. Martini, A. Loschi, P. Saldarelli, N. Loi, and R.
Musetti, Localization and subcellular association of grapevine
pinot gris virus in grapevine leaf tissues, Protoplasma 255, 923
(2018).

[34] E. Koziet, K. Otulak, B. E. L. Lockhart, and G. Garbaczewska,
Subcelullar localization of proteins associated with prune
dwarf virus replication, Eur. J. Plant Pathol. 149, 653 (2017).

[35] K. Jagaman and J. A. Ditlev, Biomolecular condensates in
membrane receptor signaling, Curr. Opin. Cell Biol. 69, 48
(2021).

[36] S. Jeon, Y. Jeon, J.-Y. Lim, Y. Kim, B. Cha, and W. Kim,
Emerging regulatory mechanisms and functions of biomolec-
ular condensates: Implications for therapeutic targets, Signal
Transd. Targeted Ther. 10, 4 (2025).

[37] T. Grousl, J. Vojtova, J. Hasek, and T. Vomastek, Yeast stress
granules at a glance, Yeast 39, 247 (2022).

[38] L. Malinovska, S. Kroschwald, M. C. Munder, D. Richter, and
S. Alberti, Molecular chaperones and stress-inducible protein-
sorting factors coordinate the spatiotemporal distribution of
protein aggregates, Mol. Biol. Cell 23, 3041 (2012).

[39] A. Molliex, J. Temirov, J. Lee, M. Coughlin, A. P. Kanagaraj,
H. J. Kim, T. Mittag, and J. P. Taylor, Phase separation by
low complexity domains promotes stress granule assembly
and drives pathological fibrillization, Cell 163, 123 (2015).

[40] A. Patel, H. O. Lee, L. Jawerth, S. Maharana, M. Jahnel, M. Y.
Hein, S. Stoynov, J. Mahamid, S. Saha, T. M. Franzmann, A.
Pozniakovski, I. Poser, N. Maghelli, L. A. Royer, M. Weigert,
E. W. Myers, S. Grill, D. Drechsel, A. A. Hyman, and S.
Alberti, A liquid-to-solid phase transition of the ALS protein
FUS accelerated by disease mutation, Cell 162, 1066 (2015).

[41] D. Hnisz, K. Shrinivas, R. A. Young, A. K. Chakraborty,
and P. A. Sharp, A phase separation model for transcriptional
control, Cell 169, 13 (2017).

[42] W.-K. Cho, J.-H. Spille, M. Hecht, C. Lee, C. Li, V. Grube,
and I. I. Cisse, Mediator and RNA polymerase II clusters
associate in transcription-dependent condensates, Science 361,
412 (2018).

013013-12


https://doi.org/10.3390/v13030366
https://doi.org/10.3389/fcimb.2019.00336
https://doi.org/10.1371/journal.ppat.1009926
https://doi.org/10.3389/fpls.2017.01832
https://doi.org/10.1038/s41467-019-09549-4
https://doi.org/10.1146/annurev.phyto.44.070505.143334
https://doi.org/10.2217/fvl.12.84
https://doi.org/10.1006/jmbi.1998.2046
https://doi.org/10.1016/j.jmb.2011.04.029
https://doi.org/10.1038/nrmicro1210
https://doi.org/10.1016/0022-2836(86)90451-1
https://doi.org/10.1016/0022-2836(88)90053-8
https://doi.org/10.1016/j.jmb.2011.07.063
https://doi.org/10.1016/j.jmb.2011.02.039
https://doi.org/10.7554/eLife.00632
https://doi.org/10.1103/PhysRevE.89.032707
https://doi.org/10.1016/0042-6822(69)90029-4
https://doi.org/10.1016/0022-2836(69)90088-6
https://doi.org/10.1073/pnas.1319479111
https://doi.org/10.1128/JVI.01540-07
https://doi.org/10.1111/j.1364-3703.2010.00678.x
https://doi.org/10.1128/JVI.02020-10
https://doi.org/10.1016/j.coviro.2014.09.008
https://doi.org/10.1007/s00709-017-1198-5
https://doi.org/10.1007/s10658-017-1215-8
https://doi.org/10.1016/j.ceb.2020.12.006
https://doi.org/10.1038/s41392-024-02070-1
https://doi.org/10.1002/yea.3681
https://doi.org/10.1091/mbc.e12-03-0194
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1126/science.aar4199

LIQUID-LIQUID PHASE SEPARATION ENABLES ...

PRX LIFE 4, 013013 (2026)

[43] S. Chong, C. Dugast-Darzacq, Z. Liu, P. Dong, G. M. Dailey,
C. Cattoglio, A. Heckert, S. Banala, L. Lavis, X. Darzacq,
and R. Tjian, Imaging dynamic and selective low-complexity
domain interactions that control gene transcription, Science
361, eaar2555 (2018).

[44] J. E. Henninger, O. Oksuz, K. Shrinivas, 1. Sagi, G. LeRoy,
M. M. Zheng, J. O. Andrews, A. V. Zamudio, C. Lazaris, N. M.
Hannett, T. I. Lee, P. A. Sharp, L. I. Cissé, A. K. Chakraborty,
and R. A. Young, RNA-mediated feedback control of tran-
scriptional condensates, Cell 184, 207 (2021).

[45] B. R. Sabari, A. Dall’Agnese, A. Boija, I. A. Klein, E. L.
Coftey, K. Shrinivas, B. J. Abraham, N. M. Hannett, A. V.
Zamudio, J. C. Manteiga, C. H. Li, Y. E. Guo, D. S. Day,
J. Schuijers, E. Vasile, S. Malik, D. Hnisz, T. I. Lee, L. L.
Cisse, R. G. Roeder, et al., Coactivator condensation at super-
enhancers links phase separation and gene control, Science
361, eaar3958 (2018).

[46] K. J. Day, G. Kago, L. Wang, J. B. Richter, C. C. Hayden,
E. M. Lafer, and J. C. Stachowiak, Liquid-like protein interac-
tions catalyse assembly of endocytic vesicles, Nat. Cell Biol.
23,366 (2021).

[47] M. Zeng, X. Chen, D. Guan, J. Xu, H. Wu, P. Tong, and
M. Zhang, Reconstituted postsynaptic density as a molecular
platform for understanding synapse formation and plasticity,
Cell 174, 1172 (2018).

[48] N. A. McDonald, R. D. Fetter, and K. Shen, Assembly of
synaptic active zones requires phase separation of scaffold
molecules, Nature (London) 588, 454 (2020).

[49] J. Emperador-Melero, M. Y. Wong, S. S. H. Wang, G. de
Nola, H. Nyitrai, T. Kirchhausen, and P. S. Kaeser, PKC-
phosphorylation of Liprin-a3 triggers phase separation and
controls presynaptic active zone structure, Nat. Commun. 12,
3057 (2021).

[50] P. M. McCall, S. Srivastava, S. L. Perry, D. R. Kovar, M. L.
Gardel, and M. V. Tirrell, Partitioning and enhanced self-
assembly of actin in polypeptide coacervates, Biophys. J. 114,
1636 (2018).

[51] W. P. Lipinski, B. S. Visser, I. Robu, M. A. A. Fakhree,
S. Lindhoud, M. M. A. E. Claessens, and E. Spruijt,
Biomolecular condensates can both accelerate and sup-
press aggregation of «-synuclein, Sci. Adv. 8, eabq6495
(2022).

[52] A. Borodavka, U. Desselberger, and J. T. Patton, Genome
packaging in multi-segmented dsRNA viruses: Distinct mech-
anisms with similar outcomes, Curr. Opin. Virol. 33, 106
(2018).

[53] A. Borodavka, E. C. Dykeman, W. Schrimpf, and D. C. Lamb,
Protein-mediated RNA folding governs sequence-specific in-
teractions between rotavirus genome segments, elLife 6,
€27453 (2017).

[54] C. R. Carlson, J. B. Asfaha, C. M. Ghent, C. J. Howard,
N. Hartooni, M. Safari, A. D. Frankel, and D. O. Morgan,
Phosphoregulation of phase separation by the SARS-CoV-2 N
protein suggests a biophysical basis for its dual functions,
Mol. Cell 80, 1092 (2020).

[55] Y. Garces Suarez, J. L. Martinez, D. Torres Hernandez, H. O.
Hernandez, A. Perez-Delgado, M. Mendez, C. D. Wood, J. M.
Rendon-Mancha, D. Silva-Ayala, S. Lopez, A. Guerrero, and
C. F. Arias, Nanoscale organization of rotavirus replication
machineries, Elife 8, €42906 (2019).

[56] F. Geiger, J. Acker, G. Papa, X. Wang, W. E. Arter, K. L.
Saar, N. A. Erkamp, R. Qi, J. P. Bravo, S. Strauss, G. Krainer,
O. R. Burrone, R. Jungmann, T. P. Knowles, H. Engelke, and
A. Borodavka, Liquid-liquid phase separation underpins the
formation of replication factories in rotaviruses, EMBO J. 40,
el07711 (2021).

[57] S. Guseva, S. Milles, M. R. Jensen, N. Salvi, J.-P. Kleman, D.
Maurin, R. W. H. Ruigrok, and M. Blackledge, Measles virus
nucleo- and phosphoproteins form liquid-like phase-separated
compartments that promote nucleocapsid assembly, Sci. Adv.
6, eaaz7095 (2020).

[58] Q. Kieser, R. S. Noyce, M. Shenouda, Y. J. Lin, and D. H.
Evans, Cytoplasmic factories, virus assembly, and DNA repli-
cation kinetics collectively constrain the formation of poxvirus
recombinants, PLoS ONE 15, ¢0228028 (2020).

[59] D. Luque and J. R. Caston, Cryo-electron microscopy for the
study of virus assembly, Nat. Chem. Biol. 16, 231 (2020).

[60] J. Nikolic, R. Le Bars, Z. Lama, N. Scrima, C. Lagaudriere-
Gesbert, Y. Gaudin, and D. Blondel, Negri bodies are viral
factories with properties of liquid organelles, Nat. Commun.
8,58 (2017).

[61] M. Pan, A. L. Alvarez-Cabrera, J. S. Kang, L. Wang, C. Fan,
and Z. H. Zhou, Asymmetric reconstruction of mammalian re-
ovirus reveals interactions among RNA, transcriptional factor
12 and capsid proteins, Nat. Commun. 12, 4176 (2021).

[62] G. Papa, A. Borodavka, and U. Desselberger, Viroplasms: As-
sembly and functions of rotavirus replication factories, Viruses
13, 1349 (2021).

[63] J. Risso-Ballester, M. Galloux, J. Cao, R. Le Goffic, F.
Hontonnou, A. Jobart-Malfait, A. Desquesnes, S. M. Sake, S.
Haid, M. Du, X. Zhang, H. Zhang, Z. Wang, V. Rincheval,
Y. Zhang, T. Pietschmann, J. F. Eleouet, M. A. Rameix-Welti,
and R. Altmeyer, A condensate-hardening drug blocks RSV
replication in vivo, Nature (London) 595, 596 (2021).

[64] A. Savastano, A. Ibanez de Opakua, M. Rankovic, and M.
Zweckstetter, Nucleocapsid protein of SARS-CoV-2 phase
separates into RNA-rich polymerase-containing condensates,
Nat. Commun. 11, 6041 (2020).

[65] S. D. Trask, S. M. McDonald, and J. T. Patton, Structural
insights into the coupling of virion assembly and rotavirus
replication, Nat. Rev. Microbiol. 10, 165 (2012).

[66] S. Wang, T. Dai, Z. Qin, T. Pan, F. Chu, L. Lou, L. Zhang, B.
Yang, H. Huang, H. Lu, and F. Zhou, Targeting liquid-liquid
phase separation of SARS-CoV-2 nucleocapsid protein pro-
motes innate antiviral immunity by elevating MAVS activity,
Nat. Cell Biol. 23, 718 (2021).

[67] J. Cubuk, J. J. Alston, J. J. Incicco, S. Singh, M. D. Stuchell-
Brereton, M. D. Ward, M. 1. Zimmerman, N. Vithani, D.
Griffith, J. A. Wagoner, G. R. Bowman, K. B. Hall, A.
Soranno, and A. S. Holehouse, The SARS-CoV-2 nucleocap-
sid protein is dynamic, disordered, and phase separates with
RNA, Nat. Commun. 12, 1936 (2021).

[68] L. He, Q. Wang, X. Wang, F. Zhou, C. Yang, Y. Li, L. Liao, Z.
Zhu, F. Ke, and Y. Wang, Liquid-liquid phase separation is es-
sential for reovirus viroplasm formation and immune evasion,
J. Virol. 98, 01028 (2024).

[69] M. Vallbracht, B. S. Bodmer, K. Fischer, J. Makroczyova,
S. L. Winter, L. Wendt, M. Wachsmuth-Melm, T. Hoenen, and
P. Chlanda, Nucleocapsid assembly drives ebola viral factory
maturation and dispersion, Cell 188, 704 (2025).

013013-13


https://doi.org/10.1126/science.aar2555
https://doi.org/10.1016/j.cell.2020.11.030
https://doi.org/10.1126/science.aar3958
https://doi.org/10.1038/s41556-021-00646-5
https://doi.org/10.1016/j.cell.2018.06.047
https://doi.org/10.1038/s41586-020-2942-0
https://doi.org/10.1038/s41467-021-23116-w
https://doi.org/10.1016/j.bpj.2018.02.020
https://doi.org/10.1126/sciadv.abq6495
https://doi.org/10.1016/j.coviro.2018.08.001
https://doi.org/10.7554/eLife.27453
https://doi.org/10.1016/j.molcel.2020.11.025
https://doi.org/10.7554/eLife.42906
https://doi.org/10.15252/embj.2021107711
https://doi.org/10.1126/sciadv.aaz7095
https://doi.org/10.1371/journal.pone.0228028
https://doi.org/10.1038/s41589-020-0477-1
https://doi.org/10.1038/s41467-017-00102-9
https://doi.org/10.1038/s41467-021-24455-4
https://doi.org/10.3390/v13071349
https://doi.org/10.1038/s41586-021-03703-z
https://doi.org/10.1038/s41467-020-19843-1
https://doi.org/10.1038/nrmicro2673
https://doi.org/10.1038/s41556-021-00710-0
https://doi.org/10.1038/s41467-021-21953-3
https://doi.org/10.1128/jvi.01028-24
https://doi.org/10.1016/j.cell.2024.11.024

LAYNE B. FRECHETTE AND MICHAEL F. HAGAN

PRX LIFE 4, 013013 (2026)

[70] A. A. Hyman, C. A. Weber, and F. Jiilicher, Liquid-Liquid
phase separation in biology, Annu. Rev. Cell Dev. Biol. 30,
39 (2014).

[71] R. W. Style, T. Sai, N. Fanelli, M. Ijavi, K. Smith-Mannschott,
Q. Xu, L. A. Wilen, and E. R. Dufresne, Liquid-liquid phase
separation in an elastic network, Phys. Rev. X 8, 011028
(2018).

[72] M. Kothari and T. Cohen, The crucial role of elasticity in
regulating liquid-liquid phase separation in cells, Biomech.
Model. Mechanobiol. 22, 645 (2023).

[73] S. Alberti and A. A. Hyman, Biomolecular condensates at
the nexus of cellular stress, protein aggregation disease and
ageing, Nat. Rev. Mol. Cell Biol. 22, 196 (2021).

[74] L. Jawerth, E. Fischer-Friedrich, S. Saha, J. Wang, T.
Franzmann, X. Zhang, J. Sachweh, M. Ruer, M. [javi, S. Saha,
J. Mahamid, A. A. Hyman, and F. Jiilicher, Protein conden-
sates as aging maxwell fluids, Science 370, 1317 (2020).

[75] A. Garaizar, J. R. Espinosa, J. A. Joseph, G. Krainer, Y. Shen,
T. P. Knowles, and R. Collepardo-Guevara, Aging can trans-
form single-component protein condensates into multiphase
architectures, Proc. Natl. Acad. Sci. USA 119, 2119800119
(2022).

[76] A. R. Tejedor, R. Collepardo-Guevara, J. Ramirez, and
J. R. Espinosa, Time-Dependent material properties of aging
biomolecular condensates from different viscoelasticity mea-
surements in molecular dynamics simulations, J. Phys. Chem.
B 127, 4441 (2023).

[77] S. Biswas and D. A. Potoyan, Molecular drivers of aging
in biomolecular condensates: Desolvation, rigidification, and
sticker lifetimes, PRX Life 2, 023011 (2024).

[78] S. F. Banani, H. O. Lee, A. A. Hyman, and M. K. Rosen,
Biomolecular condensates: Organizers of cellular biochem-
istry, Nat. Rev. Mol. Cell Biol. 18, 285 (2017).

[79] L. N. Carenza, L. Biferale, and G. Gonnella, Multiscale
control of active emulsion dynamics, Phys. Rev. Fluids 5,
011302(R) (2020).

[80] J. Plys Aaron and E. Kingston Robert, Dynamic condensates
activate transcription, Science 361, 329 (2018).

[81] C. Weber, T. Michaels, and L. Mahadevan, Spatial control of
irreversible protein aggregation, eLife 8, e42315 (2019).

[82] D. Zwicker, M. Decker, S. Jaensch, A. A. Hyman, and F.
Julicher, Centrosomes are autocatalytic droplets of pericentri-
olar material organized by centrioles, Proc. Natl. Acad. Sci.
USA 111, E2636 (2014).

[83] S. Alberti, A. Gladfelter, and T. Mittag, Considerations and
challenges in studying liquid-liquid phase separation and
biomolecular condensates, Cell 176, 419 (2019).

[84] L. P. Bergeron-Sandoval, N. Safaee, and S. W. Michnick,
Mechanisms and consequences of macromolecular phase sep-
aration, Cell 165, 1067 (2016).

[85] L.-P. Bergeron-Sandoval, S. Kumar, H. K. Heris, C. L. A.
Chang, C. E. Cornell, S. L. Keller, P. Frangois, A. G.
Hendricks, A. J. Ehrlicher, R. V. Pappu, and S. W. Michnick,
Endocytic proteins with prion-like domains form viscoelastic
condensates that enable membrane remodeling, Proc. Natl.
Acad. Sci. USA 118, 2113789118 (2021).

[86] C. P. Brangwynne, Soft active aggregates: Mechanics, dy-
namics and self-assembly of liquid-like intracellular protein
bodies, Soft Matter 7, 3052 (2011).

[87] C. P. Brangwynne, Phase transitions and size scaling of
membrane-less organelles, J. Cell Biol. 203, 875 (2013).

[88] C. P. Brangwynne, P. Tompa, and R. V. Pappu, Polymer
physics of intracellular phase transitions, Nat. Phys. 11, 899
(2015).

[89] G. L. Dignon, R. B. Best, and J. Mittal, Biomolecular phase
separation: From molecular driving forces to macroscopic
properties, Annu. Rev. Phys. Chem. 71, 53 (2020).

[90] H. Falahati and A. Haji-Akbari, Thermodynamically driven
assemblies and liquid-liquid phase separations in biology, Soft
Matter 15, 1135 (2019).

[91] M. Feric, N. Vaidya, T. S. Harmon, D. M. Mitrea, L. Zhu,
T. M. Richardson, R. W. Kriwacki, R. V. Pappu, and C. P.
Brangwynne, Coexisting liquid phases underlie nucleolar sub-
compartments, Cell 165, 1686 (2016).

[92] A. A. Hyman and K. Simons, Cell biology: Beyond oil and
water—phase transitions in cells, Science 337, 1047 (2012).

[93] W. M. Jacobs, Self-assembly of biomolecular condensates
with shared components, Phys. Rev. Lett. 126, 258101 (2021).

[94] W. M. Jacobs and D. Frenkel, Phase transitions in biolog-
ical systems with many components, Biophys. J. 112, 683
(2017).

[95] J. A. Joseph, J. R. Espinosa, I. Sanchez-Burgos, A. Garaizar,
D. Frenkel, and R. Collepardo-Guevara, Thermodynamics and
kinetics of phase separation of protein-RNA mixtures by a
minimal model, Biophys. J. 120, 1219 (2021).

[96] S. L. Perry, Phase separation: Bridging polymer physics and
biology, Curr. Opin. Colloid Interface Sci. 39, 86 (2019).

[97] I. Sanchez-Burgos, J. R. Espinosa, J. A. Joseph, and R.
Collepardo-Guevara, Valency and binding affinity variations
can regulate the multilayered organization of protein con-
densates with many components, Biomolecules 11, 278
(2021).

[98] H. X. Zhou, V. Nguemaha, K. Mazarakos, and S. Qin, Why do
disordered and structured proteins behave differently in phase
separation? Trends Biochem. Sci. 43, 499 (2018).

[99] X. Wu, Q. Cai, Z. Feng, and M. Zhang, Liquid-Liquid phase
separation in neuronal development and synaptic signaling,
Dev. Cell 55, 18 (2020).

[100] D. Zwicker, A. A. Hyman, and F. Jiilicher, Suppression of
Ostwald ripening in active emulsions, Phys. Rev. E 92, 012317
(2015).

[101] D. Zwicker, R. Seyboldt, C. A. Weber, A. A. Hyman, and
F. lJiilicher, Growth and division of active droplets provides
a model for protocells, Nat. Phys. 13, 408 (2017).

[102] D. Zwicker, O. W. Paulin, and C. ter Burg, Physics of droplet
regulation in biological cells, Rep. Prog. Phys. 88, 116601
(2025).

[103] C. A. Weber, D. Zwicker, F. Jiilicher, and C. F. Lee, Physics
of active emulsions, Rep. Prog. Phys. 82, 064601 (2019).

[104] N. Ziethen, J. Kirschbaum, and D. Zwicker, Nucleation of
chemically active droplets, Phys. Rev. Lett. 130, 248201
(2023).

[105] N. Ziethen and D. Zwicker, Heterogeneous nucleation and
growth of sessile chemically active droplets, J. Chem. Phys.
160, 224901 (2024).

[106] J. Soding, D. Zwicker, S. Sohrabi-Jahromi, M. Boehning, and
J. Kirschbaum, Mechanisms for active regulation of biomolec-
ular condensates, Trends Cell Biol. 30, 4 (2020).

013013-14


https://doi.org/10.1146/annurev-cellbio-100913-013325
https://doi.org/10.1103/PhysRevX.8.011028
https://doi.org/10.1007/s10237-022-01670-6
https://doi.org/10.1038/s41580-020-00326-6
https://doi.org/10.1126/science.aaw4951
https://doi.org/10.1073/pnas.2119800119
https://doi.org/10.1021/acs.jpcb.3c01292
https://doi.org/10.1103/PRXLife.2.023011
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1103/PhysRevFluids.5.011302
https://doi.org/10.1126/science.aau4795
https://doi.org/10.7554/eLife.42315
https://doi.org/10.1073/pnas.1404855111
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1016/j.cell.2016.05.026
https://doi.org/10.1073/pnas.2113789118
https://doi.org/10.1039/c0sm00981d
https://doi.org/10.1083/jcb.201308087
https://doi.org/10.1038/nphys3532
https://doi.org/10.1146/annurev-physchem-071819-113553
https://doi.org/10.1039/C8SM02285B
https://doi.org/10.1016/j.cell.2016.04.047
https://doi.org/10.1126/science.1223728
https://doi.org/10.1103/PhysRevLett.126.258101
https://doi.org/10.1016/j.bpj.2016.10.043
https://doi.org/10.1016/j.bpj.2021.01.031
https://doi.org/10.1016/j.cocis.2019.01.007
https://doi.org/10.3390/biom11020278
https://doi.org/10.1016/j.tibs.2018.03.007
https://doi.org/10.1016/j.devcel.2020.06.012
https://doi.org/10.1103/PhysRevE.92.012317
https://doi.org/10.1038/nphys3984
https://doi.org/10.1088/1361-6633/ae12a7
https://doi.org/10.1088/1361-6633/ab052b
https://doi.org/10.1103/PhysRevLett.130.248201
https://doi.org/10.1063/5.0207761
https://doi.org/10.1016/j.tcb.2019.10.006

LIQUID-LIQUID PHASE SEPARATION ENABLES ...

PRX LIFE 4, 013013 (2026)

[107] J. Kirschbaum and D. Zwicker, Controlling biomolecular
condensates via chemical reactions, J. R. Soc. Interface 18,
20210255 (2021).

[108] C. Luo, N. Hess, D. Aierken, Y. Qiang, J. A. Joseph, and
D. Zwicker, Theory of condensate size control by molecular
charge asymmetry, ACS Macro Lett. 14, 1484 (2025).

[109] R. Rossetto, G. Wellecke, and D. Zwicker, Binding and dimer-
ization control phase separation in a compartment, Phys. Rev.
Res. 7, 023145 (2025).

[110] J.-M. Choi, FE. Dar, and R. V. Pappu, LASSI: A lattice
model for simulating phase transitions of multivalent proteins,
PLoS Comput. Biol. 15, 1007028 (2019).

[111] K. M. Ruff, R. V. Pappu, and A. S. Holehouse, Conformational
preferences and phase behavior of intrinsically disordered low
complexity sequences: Insights from multiscale simulations,
Curr. Opin. Struct. Biol. 56, 1 (2019).

[112] A. Holla, E. W. Martin, T. Dannenhoffer-Lafage, K. M. Ruff,
S. L. B. Konig, M. F. Niiesch, A. Chowdhury, J. M. Louis, A.
Soranno, D. Nettels, R. V. Pappu, R. B. Best, T. Mittag, and
B. Schuler, Identifying sequence effects on chain dimensions
of disordered proteins by integrating experiments and simula-
tions, JACS Au 4, 4729 (2024).

[113] G. L. Dignon, W. Zheng, R. B. Best, Y. C. Kim, and J. Mittal,
Relation between single-molecule properties and phase behav-
ior of intrinsically disordered proteins, Proc. Natl. Acad. Sci.
USA 115, 9929 (2018).

[114] G. L. Dignon, W. Zheng, and J. Mittal, Simulation methods
for liquid—liquid phase separation of disordered proteins, Curr.
Opin. Chem. Eng. 23, 92 (2019).

[115] G. L. Dignon, W. Zheng, Y. C. Kim, and J. Mittal,
Temperature-controlled liquid—liquid phase separation of dis-
ordered proteins, ACS Cent. Sci. §, 821 (2019).

[116] J.-E. Shea, R. B. Best, and J. Mittal, Physics-based compu-
tational and theoretical approaches to intrinsically disordered
proteins, Curr. Opin. Struct. Biol. 67, 219 (2021).

[117] S. Rekhi, C. G. Garcia, M. Barai, A. Rizuan, B. S. Schuster,
K. L. Kiick, and J. Mittal, Expanding the molecular language
of protein liquid-liquid phase separation, Nat. Chem. 16, 1113
(2024).

[118] U. Kapoor, Y. C. Kim, and J. Mittal, Coarse-Grained models
to study protein-DNA interactions and liquid-liquid phase
separation, J. Chem. Theory Comput. 20, 1717 (2024).

[119] H. H. Schede, P. Natarajan, A. K. Chakraborty, and K.
Shrinivas, A model for organization and regulation of nuclear
condensates by gene activity, Nat. Commun. 14, 4152 (2023).

[120] S. F. Banani, A. Goychuk, P. Natarajan, M. M.
Zheng, G. Dall’Agnese, J. E. Henninger, M. Kardar,
R. A. Young, and A. K. Chakraborty, Active RNA
synthesis patterns nuclear condensates, bioRxiv (2024),
doi:10.1101/2024.10.12.614958.

[121] A. G.T.Pyo, Y. Zhang, and N. S. Wingreen, Proximity to criti-
cality predicts surface properties of biomolecular condensates,
Proc. Natl. Acad. Sci. USA 120, 2220014120 (2023).

[122] T. GrandPre, Y. Zhang, Andrew G. T. Pyo, B. Weiner, J.-L.
Li, M. C. Jonikas, and N. S. Wingreen, Impact of linker length
on biomolecular condensate formation, PRX Life 1, 023013
(2023).

[123] Y. Zhang, A. G. Pyo, R. Kliegman, Y. Jiang, C. P. Brangwynne,
H. A. Stone, and N. S. Wingreen, The exchange dynamics of
biomolecular condensates, eLife 12, RP91680 (2024).

[124] V. Grigorev, N. S. Wingreen, and Y. Zhang, Conformational
entropy of intrinsically disordered proteins bars intruders from
biomolecular condensates, PRX Life 3, 013011 (2025).

[125] F. Chen and W. M. Jacobs, Emergence of multiphase conden-
sates from a limited set of chemical building blocks, J. Chem.
Theory Comput. 20, 6881 (2024).

[126] T. Li and W. M. Jacobs, Predicting the morphology of mul-
tiphase biomolecular condensates from protein interaction
networks, PRX Life 2, 023013 (2024).

[127] Y.-H. Lin, J. D. Forman-Kay, and H. S. Chan, Theories for
sequence-dependent phase behaviors of biomolecular conden-
sates, Biochemistry 57, 2499 (2018).

[128] H. Cinar, Z. Fetahaj, S. Cinar, R. M. Vernon, H. S. Chan,
and R. H. A. Winter, Temperature, hydrostatic pressure, and
osmolyte effects on liquid-liquid phase separation in protein
condensates: Physical chemistry and biological implications,
Chem. Eur. J. 25, 13049 (2019).

[129] T. Pal, J. Wessén, S. Das, and H. S. Chan, Subcompartmental-
ization of polyampholyte species in organelle-like condensates
is promoted by charge-pattern mismatch and strong excluded-
volume interaction, Phys. Rev. E 103, 042406 (2021).

[130] Z. Shen, B. Jia, Y. Xu, J. Wessén, T. Pal, H. S. Chan, S.
Du, and M. Zhang, Biological condensates form percolated
networks with molecular motion properties distinctly different
from dilute solutions, eLife 12, e81907 (2023).

[131] S. Das, A. N. Amin, Y.-H. Lin, and H. Sun Chan, Coarse-
grained residue-based models of disordered protein con-
densates: Utility and limitations of simple charge pattern
parameters, Phys. Chem. Chem. Phys. 20, 28558 (2018).

[132] V. Nguemaha and H.-X. Zhou, Liquid-Liquid phase separation
of patchy particles illuminates diverse effects of regulatory
components on protein droplet formation, Sci. Rep. 8, 6728
(2018).

[133] D. Kota and H.-X. Zhou, Macromolecular regulation of the
material properties of biomolecular condensates, J. Phys.
Chem. Lett. 13, 5285 (2022).

[134] H.-X. Zhou, D. Kota, S. Qin, and R. Prasad, Fundamen-
tal aspects of phase-separated biomolecular condensates,
Chem. Rev. 124, 8550 (2024).

[135] J. A. Ditlev, L. B. Case, and M. K. Rosen, Who’s in and
who’s out-compositional control of biomolecular condensates,
J. Mol. Biol. 430, 4666 (2018).

[136] A. S. Holehouse and S. Alberti, Molecular determinants of
condensate composition, Mol. Cell 85, 290 (2025).

[137] S. Strauss, J. Acker, G. Papa, D. Desiro, F. Schueder, A.
Borodavka, and R. Jungmann, Principles of RNA recruitment
to viral ribonucleoprotein condensates in a segmented dsRNAa
virus, eLife 12, e68670 (2023).

[138] B. S. Heinrich, Z. Maliga, D. A. Stein, A. A. Hyman, and
S. P. J. Whelan, Phase transitions drive the formation of
vesicular stomatitis virus replication compartments, mBio 9,
€02290-17 (2018).

[139] M. Galloux, J. Risso-Ballester, C.-A. Richard, J. Fix, M.-A.
Rameix-Welti, and J.-F. Eléouét, Minimal elements required
for the formation of respiratory syncytial virus cytoplasmic
inclusion bodies in vivo and in vitro, mBio 11, e01202-20
(2020).

[140] C. Iserman, C. A. Roden, M. A. Boerneke, R. S. G. Sealfon,
G. A. McLaughlin, I. Jungreis, E. J. Fritch, Y. J. Hou, J.
Ekena, C. A. Weidmann, C. L. Theesfeld, M. Kellis, O. G.

013013-15


https://doi.org/10.1098/rsif.2021.0255
https://doi.org/10.1021/acsmacrolett.5c00342
https://doi.org/10.1103/PhysRevResearch.7.023145
https://doi.org/10.1371/journal.pcbi.1007028
https://doi.org/10.1016/j.sbi.2018.10.003
https://doi.org/10.1021/jacsau.4c00673
https://doi.org/10.1073/pnas.1804177115
https://doi.org/10.1016/j.coche.2019.03.004
https://doi.org/10.1021/acscentsci.9b00102
https://doi.org/10.1016/j.sbi.2020.12.012
https://doi.org/10.1038/s41557-024-01489-x
https://doi.org/10.1021/acs.jctc.3c00525
https://doi.org/10.1038/s41467-023-39878-4
https://doi.org/10.1101/2024.10.12.614958
https://doi.org/10.1073/pnas.2220014120
https://doi.org/10.1103/PRXLife.1.023013
https://doi.org/10.7554/eLife.91680
https://doi.org/10.1103/PRXLife.3.013011
https://doi.org/10.1021/acs.jctc.4c00323
https://doi.org/10.1103/PRXLife.2.023013
https://doi.org/10.1021/acs.biochem.8b00058
https://doi.org/10.1002/chem.201902210
https://doi.org/10.1103/PhysRevE.103.042406
https://doi.org/10.7554/eLife.81907
https://doi.org/10.1039/C8CP05095C
https://doi.org/10.1038/s41598-018-25132-1
https://doi.org/10.1021/acs.jpclett.2c00824
https://doi.org/10.1021/acs.chemrev.4c00138
https://doi.org/10.1016/j.jmb.2018.08.003
https://doi.org/10.1016/j.molcel.2024.12.021
https://doi.org/10.7554/eLife.68670
https://doi.org/10.1128/mBio.02290-17
https://doi.org/10.1128/mBio.01202-20

LAYNE B. FRECHETTE AND MICHAEL F. HAGAN

PRX LIFE 4, 013013 (2026)

Troyanskaya, R. S. Baric, T. P. Sheahan, K. M. Weeks, and
A. S. Gladfelter, Genomic RNA elements drive phase sepa-
ration of the SARS-CoV-2 nucleocapsid, Mol. Cell 80, 1078
(2020).

[141] S. Milles, M. R. Jensen, C. Lazert, S. Guseva, S. Ivashchenko,
G. Communie, D. Maurin, D. Gerlier, R. W. H. Ruigrok, and
M. Blackledge, An ultraweak interaction in the intrinsically
disordered replication machinery is essential for measles virus
function, Sci. Adv. 4, eaat7778 (2018).

[142] A. Monette, M. Niu, L. Chen, S. Rao, R. J. Gorelick, and
A. J. Mouland, Pan-retroviral nucleocapsid-mediated phase
separation regulates genomic RNA positioning and trafficking,
Cell Rep. 31, 107520 (2020).

[143] A. Monette, M. Niu, M. N. Asser, R. J. Gorelick, and A. J.
Mouland, Scaffolding viral protein NC nucleates phase sep-
aration of the HIV-1 biomolecular condensate, Cell Rep. 40,
111251 (2022).

[144] S. Kaundal, R. Anish, B. V. Ayyar, S. Shanker, G. Kaur,
S. E. Crawford, J. Pollet, F. Stossi, M. K. Estes, and
B. V. V. Prasad, RNA-dependent RNA polymerase of pre-
dominant human norovirus forms liquid-liquid phase conden-
sates as viral replication factories, Sci. Adv. 10, eadp9333
(2024).

[145] P. Hidalgo, A. Pimentel, D. Mojica-Santamarfa, K. von
Stromberg, H. Hofmann-Sieber, C. Lona-Arrona, T. Dobner,
and R. A. Gonzélez, Evidence that the adenovirus single-
stranded DNA binding protein mediates the assembly of
biomolecular condensates to form viral replication compart-
ments, Viruses 13, 1778 (2021).

[146] G. Papa, L. Venditti, F. Arnoldi, E. M. Schraner, C. Potgieter,
A. Borodavka, C. Eichwald, and O. R. Burrone, Recombi-
nant rotaviruses rescued by reverse genetics reveal the role of
NSP5 hyperphosphorylation in the assembly of viral factories,
J. Virol. 94, e01110-19 (2019).

[147] M. B. Luiza, S. Guseva, R. Camacho-Zarco Aldo, N. Salvi,
D. Maurin, M. Perez Laura, M. Botova, A. Malki, M. Nanao,
R. J. Malene, W. H. R. Rob, and M. Blackledge, The in-
trinsically disordered SARS-CoV-2 nucleoprotein in dynamic
complex with its viral partner nsp3a, Sci. Adv. 8, eabm4034
(2022).

[148] H. Chen, Y. Cui, X. Han, W. Hu, M. Sun, Y. Zhang, P. H.
Wang, G. Song, W. Chen, and J. Lou, Liquid-liquid phase
separation by SARS-CoV-2 nucleocapsid protein and RNA,
Cell Res. 30, 1143 (2020).

[149] J. D. Schmit and T. C. T. Michaels, Physical limits to
acceleration of chemical reactions inside phase-separated
compartments, Phys. Rev. E 109, 064401 (2025).

[150] W. Ponisch, T. C. T. Michaels, and C. A. Weber, Aggrega-
tion controlled by condensate rheology, Biophys. J. 122, 197
(2023).

[151] Thomas C. T. Michaels, L. Mahadevan, and C. A. Weber, En-
hanced potency of aggregation inhibitors mediated by liquid
condensates, Phys. Rev. Res. 4, 043173 (2022).

[152] G. Bartolucci, I. S. Haugerud, T. C. T. Michaels, and C. A.
Weber, The interplay between biomolecular assembly and
phase separation, eLife 13, RP93003 (2024).

[153] M. F. Hagan and F. Mohajerani, Self-assembly coupled
to liquid-liquid phase separation, PLoS Comput. Biol. 19,
e1010652 (2023).

[154] L. B. Frechette, A. Baskaran, and M. F. Hagan, Active-noise-
induced dynamic clustering of passive colloidal particles,
Newton 1, 100167 (2025).

[155] E. A. Desmet, L. J. Anguish, and J. S. L. Parker, Virus-
Mediated compartmentalization of the host translational
machinery, mBio 5, e01463-14 (2014).

[156] R. Tenorio, I. Fernandez De Castro, J. J. Knowlton, P. F.
Zamora, D. M. Sutherland, C. Risco, and T. S. Dermody,
Function, architecture, and biogenesis of reovirus replication
neoorganelles, Viruses 11, 288 (2019).

[157] 1. Fernandez de Castro, P. F. Zamora, L. Ooms, J. J. Fernindez,
C. M.-H. Lai, B. A. Mainou, T. S. Dermody, and C. Risco,
Reovirus forms neo-organelles for progeny particle assembly
within reorganized cell membranes, mBio 5, 00931 (2014).

[158] X. Wang, J. Zhu, D. Zhang, and G. Liu, Ribosomal control
in RNA virus-infected cells, Front. Microbiol. 13, 1026887
(2022).

[159] X. Liu, X. Xia, M. W. Martynowycz, T. Gonen, and
Z. H. Zhou, Molecular sociology of virus-induced cellular
condensates supporting reovirus assembly and replication,
Nat. Commun. 15, 10638 (2024).

[160] F. Jobe, J. T. Kelly, J. Simpson, J. Wells, S. D. Armstrong,
M. Spick, E. Lacey, L. Logan, N. Geifman, P. Hawes, and
D. Bailey, Viral PIC-pocketing: RSV sequestration of trans-
lational preinitiation complexes into bi-phasic biomolecular
condensates, J. Virol. 98, e00153-24 (2024).

[161] P. G. Stockley, R. Twarock, S. E. Bakker, A. M. Barker,
A. Borodavka, E. Dykeman, R. J. Ford, A. R. Pearson,
S. E. Phillips, N. A. Ranson, et al., Packaging signals in
single-stranded RNA viruses: Nature’s alternative to a purely
electrostatic assembly mechanism, J. Biol. Phys. 39, 277
(2013).

[162] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/kx13-czqb for additional figures and calculations and
which includes Refs. [163-167].

[163] M. F. Hagan and G. M. Grason, Equilibrium mechanisms
of self-limiting assembly, Rev. Mod. Phys. 93, 025008
(2021).

[164] R. Zandi, B. Dragnea, A. Travesset, and R. Podgornik, On
virus growth and form, Phys. Rep. 847, 1 (2020).

[165] M. F. Hagan, Controlling viral capsid assembly with templat-
ing, Phys. Rev. E 77, 051904 (2008).

[166] F. Mohajerani, B. Tyukodi, C. J. Schlicksup, J. A. Hadden-
Perilla, A. Zlotnick, and M. F. Hagan, Multiscale modeling
of hepatitis B virus capsid assembly and its dimorphism,
ACS Nano 16, 13845 (2022).

[167] L. Selzer, S. P. Katen, and A. Zlotnick, The hepatitis B virus
core protein intradimer interface modulates capsid assembly
and stability, Biochemistry 53, 5496 (2014).

[168] A. Zlotnick, To build a virus capsid—an equilibrium-model
of the self-assembly of polyhedral protein complexes, J. Mol.
Biol. 241, 59 (1994).

[169] A. Zlotnick, J. M. Johnson, P. W. Wingfield, S. J. Stahl, and
D. Endres, A theoretical model successfully identifies features
of hepatitis B virus capsid assembly, Biochemistry 38, 14644
(1999).

[170] A. Zlotnick, R. Aldrich, J. M. Johnson, P. Ceres, and M. J.
Young, Mechanism of capsid assembly for an icosahedral
plant virus, Virology 277, 450 (2000).

013013-16


https://doi.org/10.1016/j.molcel.2020.11.041
https://doi.org/10.1126/sciadv.aat7778
https://doi.org/10.1016/j.celrep.2020.03.084
https://doi.org/10.1016/j.celrep.2022.111251
https://doi.org/10.1126/sciadv.adp9333
https://doi.org/10.3390/v13091778
https://doi.org/10.1128/JVI.01110-19
https://doi.org/10.1126/sciadv.abm4034
https://doi.org/10.1038/s41422-020-00408-2
https://doi.org/10.1103/PhysRevE.109.064401
https://doi.org/10.1016/j.bpj.2022.11.009
https://doi.org/10.1103/PhysRevResearch.4.043173
https://doi.org/10.7554/eLife.93003.1
https://doi.org/10.1371/journal.pcbi.1010652
https://doi.org/10.1016/j.newton.2025.100167
https://doi.org/10.1128/mBio.01463-14
https://doi.org/10.3390/v11030288
https://doi.org/10.1128/mbio.00931-13
https://doi.org/10.3389/fmicb.2022.1026887
https://doi.org/10.1038/s41467-024-54968-7
https://doi.org/10.1128/jvi.00153-24
https://doi.org/10.1007/s10867-013-9313-0
http://link.aps.org/supplemental/10.1103/kx13-czqb
https://doi.org/10.1103/RevModPhys.93.025008
https://doi.org/10.1016/j.physrep.2019.12.005
https://doi.org/10.1103/PhysRevE.77.051904
https://doi.org/10.1021/acsnano.2c02119
https://doi.org/10.1021/bi500732b
https://doi.org/10.1006/jmbi.1994.1473
https://doi.org/10.1021/bi991611a
https://doi.org/10.1006/viro.2000.0619

LIQUID-LIQUID PHASE SEPARATION ENABLES ...

PRX LIFE 4, 013013 (2026)

[171] D. Endres and A. Zlotnick, Model-based analysis of assem-
bly kinetics for virus capsids or other spherical polymers,
Biophys. J. 83, 1217 (2002).

[172] M. F. Hagan and O. Elrad, Understanding the concentration
dependence of viral capsid assembly kinetics—the origin of
the lag time and identifying the critical nucleus size, Biophys.
J. 98, 1065 (2010).

[173] M. E. Hagan, Modeling viral capsid assembly, in Advances
in Chemical Physics, edited by S. A. Rice and A. R. Dinner
(John Wiley & Sons, Hoboken, NJ, 2014), Chap. 1, Vol. 155,
pp. 1-68.

[174] A. Y. Morozov, R. F. Bruinsma, and J. Rudnick, Assembly of
viruses and the pseudo-law of mass action, J. Chem. Phys. 131,
155101 (2009).

[175] M. F. Hagan, A theory for viral capsid assembly around elec-
trostatic cores, J. Chem. Phys. 130, 114902 (2009).

[176] R. Milo, P. Jorgensen, U. Moran, G. Weber, and M. Springer,
BioNumbers—the database of key numbers in molecular and
cell biology, Nucl. Acids Res. 38, D750 (2010).

[177] A. Borodavka (private communication).

[178] E. Shapiro, T. Biezuner, and S. Linnarsson, Single-cell
sequencing-based technologies will revolutionize whole-
organism science, Nat. Rev. Genet. 14, 618 (2013).

[179] J. D. Perlmutter, M. R. Perkett, and M. F. Hagan, Pathways for
virus assembly around nucleic acids, J. Mol. Biol. 426, 3148
(2014).

[180] J. D. Perlmutter and M. F. Hagan, Mechanisms of virus assem-
bly, Annu. Rev. Phys. Chem. 66, 217 (2015).

[181] F. M. Kelley, A. Ani, E. G. Pinlac, B. Linders, B. Favetta,
M. Barai, Y. Ma, A. Singh, G. L. Dignon, Y. Gu, and B. S.
Schuster, Controlled and orthogonal partitioning of large par-
ticles into biomolecular condensates, Nat. Commun. 16, 3521
(2025).

[182] M. F. Hagan, O. M. Elrad, and R. L. Jack, Mechanisms of
kinetic trapping in self-assembly and phase transformation,
J. Chem. Phys. 135, 104115 (2011).

[183] M. Castelnovo, T. Verdier, and L. Foret, Comparing open and
closed molecular self-assembly, Europhys. Lett. 105, 28006
(2014).

[184] S. C. Keane, X. Heng, K. Lu, S. Kharytonchyk, V.
Ramakrishnan, G. Carter, S. Barton, A. Hosic, A. Florwick, J.
Santos, N. C. Bolden, S. McCowin, D. A. Case, B. A. Johnson,
M. Salemi, A. Telesnitsky, and M. F. Summers, Structure of
the HIV-1 RNA packaging signal, Science 348, 917 (2015).

[185] J. Ning, G. Erdemci-Tandogan, E. L. Yufenyuy, J. Wagner,
B. A. Himes, G. Zhao, C. Aiken, R. Zandi, and P. Zhang, In
vitro protease cleavage and computer simulations reveal the
HIV-1 capsid maturation pathway, Nat. Commun. 7, 13689
(2016).

[186] A. Monette, M. Niu, R. K. Maldonado, J. Chang, G. S.
Lambert, J. M. Flanagan, A. Cochrane, L. J. Parent, and A. J.
Mouland, Influence of HIV-1 genomic RNA on the formation
of gag biomolecular condensates, J. Mol. Biol. 435, 168190
(2023).

[187] F. Di Nunzio, V. N. Uversky, and A. J. Mouland, Biomolecular
condensates: Insights into early and late steps of the HIV-1
replication cycle, Retrovirology 20, 4 (2023).

[188] S. M. McDonald and J. T. Patton, Assortment and packaging
of the segmented rotavirus genome, Trends Microbiol. 19, 136
(2011).

[189] M. R. Roner and B. G. Steele, Localizing the reovirus packag-
ing signals using an engineered m1 and s2 ssRNA, Virology
358, 89 (2007).

[190] B. S. Bodmer, M. Vallbracht, D. S. Ushakov, L. Wendt, P.
Chlanda, and T. Hoenen, Ebola virus inclusion bodies are
liquid organelles whose formation is facilitated by nucleopro-
tein oligomerization, Emerging Microbes Infect. 12, 2223727
(2023).

[191] R. Becker and W. Doring, Kinetische behandlung der ke-
imbildung in ibersdttigten dampfen, Ann. Phys. 416, 719
(1935).

[192] M. V. Smoluchowski, Drei vortrage uber diffusion, brownsche
molekularbewegung und koagulation von kolloidteilchen,
Z. Physik 17, 585 (1916).

[193] P. C. Hohenberg and B. I. Halperin, Theory of dynamic critical
phenomena, Rev. Mod. Phys. 49, 435 (1977).

[194] R. Zandi, P. Van Der Schoot, D. Reguera, W. Kegel, and H.
Reiss, Classical nucleation theory of virus capsids, Biophys. J.
90, 1939 (2006).

[195] P. van der Schoot and R. Zandi, Kinetic theory of virus capsid
assembly, Phys. Biol. 4, 296 (2007).

[196] J. W. Cahn and J. E. Hilliard, Free energy of a nonuniform
system. I. Interfacial free energy, J. Chem. Phys. 28, 258
(1958).

[197] J. Bauermann, S. Laha, P. M. McCall, F. Jiilicher, and C. A.
Weber, Chemical kinetics and mass action in coexisting
phases, J. Am. Chem. Soc. 144, 19294 (2022).

[198] Y. Qian, D. Evans, B. Mishra, Y. Fu, Z. H. Liu, S. Guo, and
M. E. Johnson, Temporal control by cofactors prevents kinetic
trapping in retroviral gag lattice assembly, Biophys. J. 122,
3173 (2023).

[199] S.-K. Guo, A. J. Sodt, and M. E. Johnson, Large self-
assembled clathrin lattices spontaneously disassemble without
sufficient adaptor proteins, PLoS Comput. Biol. 18, e1009969
(2022).

[200] M. E. Johnson and G. Hummer, Free-Propagator reweighting
integrator for single-particle dynamics in reaction-diffusion
models of heterogeneous protein-protein interaction systems,
Phys. Rev. X 4, 031037 (2014).

[201] R. Ravindran and S. W. Michnick, Biomolecular conden-
sates as drivers of membrane trafficking and remodelling,
Curr. Opin. Cell Biol. 89, 102393 (2024).

[202] J. M. Dragwidge, Y. Wang, L. Brocard, A. De Meyer, R.
Hudecek, D. Eeckhout, P. Grones, M. Buridan, C. Chambaud,
P. Pejchar, M. Potocky, J. Winkler, M. Vandorpe, N. Serre,
M. Fendrych, A. Bernard, G. De Jaeger, R. Pleskot, X. Fang,
and D. Van Damme, Biomolecular condensation orchestrates
clathrin-mediated endocytosis in plants, Nat. Cell Biol. 26,
438 (2024).

[203] M. Kozak and M. Kaksonen, Condensation of edel pro-
motes the initiation of endocytosis, eLife 11, 72865
(2022).

[204] S. Mondal, K. Narayan, S. Botterbusch, 1. Powers, J. Zheng,
H. P. James, R. Jin, and T. Baumgart, Multivalent interac-
tions between molecular components involved in fast en-
dophilin mediated endocytosis drive protein phase separation,
Nat. Commun. 13, 5017 (2022).

[205] F. Wilfling, M. Kaksonen, and J. Stachowiak, Protein conden-
sates as flexible platforms for membrane traffic, Curr. Opin.
Cell Biol. 85, 102258 (2023).

013013-17


https://doi.org/10.1016/S0006-3495(02)75245-4
https://doi.org/10.1016/j.bpj.2009.11.023
https://doi.org/10.1063/1.3212694
https://doi.org/10.1063/1.3086041
https://doi.org/10.1093/nar/gkp889
https://doi.org/10.1038/nrg3542
https://doi.org/10.1016/j.jmb.2014.07.004
https://doi.org/10.1146/annurev-physchem-040214-121637
https://doi.org/10.1038/s41467-025-58900-5
https://doi.org/10.1063/1.3635775
https://doi.org/10.1209/0295-5075/105/28006
https://doi.org/10.1126/science.aaa9266
https://doi.org/10.1038/ncomms13689
https://doi.org/10.1016/j.jmb.2023.168190
https://doi.org/10.1186/s12977-023-00619-6
https://doi.org/10.1016/j.tim.2010.12.002
https://doi.org/10.1016/j.virol.2006.08.017
https://doi.org/10.1080/22221751.2023.2223727
https://doi.org/10.1002/andp.19354160806
https://cir.nii.ac.jp/crid/1573387448927618688
https://doi.org/10.1103/RevModPhys.49.435
https://doi.org/10.1529/biophysj.105.072975
https://doi.org/10.1088/1478-3975/4/4/006
https://doi.org/10.1063/1.1744102
https://doi.org/10.1021/jacs.2c06265
https://doi.org/10.1016/j.bpj.2023.06.021
https://doi.org/10.1371/journal.pcbi.1009969
https://doi.org/10.1103/PhysRevX.4.031037
https://doi.org/10.1016/j.ceb.2024.102393
https://doi.org/10.1038/s41556-024-01354-6
https://doi.org/10.7554/eLife.72865
https://doi.org/10.1038/s41467-022-32529-0
https://doi.org/10.1016/j.ceb.2023.102258

LAYNE B. FRECHETTE AND MICHAEL F. HAGAN

PRX LIFE 4, 013013 (2026)

[206] A. S. Lyon, W. B. Peeples, and M. K. Rosen, A framework
for understanding the functions of biomolecular condensates
across scales, Nat. Rev. Mol. Cell Biol. 22, 215 (2021).

[207] S. Ambadi Thody, H. D. Clements, H. Baniasadi, A. S. Lyon,
M. S. Sigman, and M. K. Rosen, Small-molecule properties
define partitioning into biomolecular condensates, Nat. Chem.
16, 1794 (2024).

[208] J. Acker, X. Wang, D. Desiro, T. Agarwal, A. Colyer, C.
Haller, R. Scrutton, L. Sherry, K. L. Saar, R. Murray, K.
Fominykh, S. H. Chong, J. D. Schmit, A. N. Calabrese,
T. P. J. Knowles, and A. Borodavka, Phosphorylation en-
ables allosteric control of a viral condensate, bioRXiv (2025),
doi:10.1101/2025.05.24.655949.

[209] S. Sun, V. B. Rao, and M. G. Rossmann, Genome packaging
in viruses, Curr. Opin. Struct. Biol. 20, 114 (2010).

[210] L. B. Frechette, N. Sundararajan, F. Caballero, A. Trubiano,
and M. F. Hagan, Computer simulations show that liquid-
liquid phase separation enhances self-assembly, ACS Nano
19, 30275 (2025).

[211] C. Sigl, E. M. Willner, W. Engelen, J. A. Kretzmann,
K. Sachenbacher, A. Liedl, F. Kolbe, F. Wilsch, S. A.
Aghvami, U. Protzer, M. F. Hagan, S. Fraden, and H. Dietz,
Programmable icosahedral shell system for virus trapping,
Nat. Mater. 20, 1281 (2021).

[212] W.-S. Wei, A. Trubiano, C. Sigl, S. Paquay, H. Dietz, M. F.
Hagan, and S. Fraden, Hierarchical assembly is more robust
than egalitarian assembly in synthetic capsids, Proc. Natl.
Acad. Sci. USA 121, €2312775121 (2024).

[213] R. Divine, H. V. Dang, G. Ueda, J. A. Fallas, 1. Vulovic, W.
Sheffler, S. Saini, Y. T. Zhao, I. X. Raj, P. A. Morawski,
M. F. Jennewein, L. J. Homad, Y.-H. Wan, M. R. Tooley, F.
Seeger, A. Etemadi, M. L. Fahning, J. Lazarovits, A. Roederer,
A. C. Walls, et al., Designed proteins assemble antibodies into
modular nanocages, Science 372, eabd9994 (2021).

[214] G. L. Butterfield, M. J. Lajoie, H. H. Gustafson, D. L. Sellers,
U. Nattermann, D. Ellis, J. B. Bale, S. Ke, G. H. Lenz,
A. Yehdego, R. Ravichandran, S. H. Pun, N. P. King, and
D. Baker, Evolution of a designed protein assembly encap-
sulating its own RNA genome, Nature (London) 552, 415
(2017).

[215] J. B. Bale, S. Gonen, Y. Liu, W. Sheffler, D. Ellis, C. Thomas,
D. Cascio, T. O. Yeates, T. Gonen, N. P. King, and D. Baker,
Accurate design of megadalton-scale two-component icosahe-
dral protein complexes, Science 353, 389 (2016).

[216] Y. Hsia, J. B. Bale, S. Gonen, D. Shi, W. Sheffler, K. K. Fong,
U. Nattermann, C. Xu, P.-S. Huang, R. Ravichandran, S. Yi,
T. N. Davis, T. Gonen, N. P. King, and D. Baker, Design of a
hyperstable 60-subunit protein icosahedron, Nature (London)
535, 136 (2016).

[217] H. Ren, S. Zhu, and G. Zheng, Nanoreactor design based on
self-assembling protein nanocages, Int. J. Mol. Sci. 20, 592
(2019).

[218] J. Laniado, K. A. Cannon, J. E. Miller, M. R. Sawaya, D. E.
McNamara, and T. O. Yeates, Geometric lessons and design
strategies for nanoscale protein cages, ACS Nano 15, 4277
(2021).

[219] S. A. McConnell, K. A. Cannon, C. Morgan, R. McAllister,
B. R. Amer, R. T. Clubb, and T. O. Yeates, Designed pro-
tein cages as scaffolds for building multienzyme materials,
ACS Synth. Biol. 9, 381 (2020).

[220] A.Jhaveri, S. Loggia, Y. Qian, and M. E. Johnson, Discovering
optimal kinetic pathways for self-assembly using automatic
differentiation, Proc. Natl. Acad. Sci. USA 121, ¢2403384121
(2024).

[221] P. M. Laughlin, K. Young, G. Gonzalez-Gutierrez, J. C.-Y.
Wang, and A. Zlotnick, A narrow ratio of nucleic acid to
SARS-CoV-2 N-protein enables phase separation, J. Biol.
Chem. 300, 107831 (2024).

[222] S. Li, P. Roy, A. Travesset, and R. Zandi, Why large icosahe-
dral viruses need scaffolding proteins, Proc. Natl. Acad. Sci.
USA 115, 10971 (2018).

[223] S. Li and R. Zandi, Biophysical modeling of SARS-CoV-2
Assembly: Genome condensation and budding, Viruses 14,
2089 (2022).

[224] S. Panahandeh, S. Li, B. Dragnea, and R. Zandi, Virus assem-
bly pathways inside a host cell, ACS Nano 16, 317 (2022).

[225] M. Safdari, S. Li, S. Panahandeh, P. van der Schoot, and R.
Zandi, Impact of the RNA binding domain localization of
the protein shell on virus particle stability, Phys. Rev. E 112,
034402 (2025).

[226] L. Frechette and M.F. Hagan, Code and data accompanying
the paper: “Liquid-liquid phase separation enables highly se-
lective viral genome packaging”, Zenodo (2025), https://doi.
org/10.5281/zenodo.18010500.

[227] O. Elrad and M. F. Hagan, Encapsulation of a polymer by an
icosahedral virus, Phys. Biol. 7, 045003 (2010).

[228] T. Hu and B. I. Shklovskii, Kinetics of viral self-assembly:
Role of the single-stranded RNA antenna, Phys. Rev. E 75,
051901 (2007).

[229] E. C. Dykeman, P. G. Stockley, and R. Twarock, Building a
viral capsid in the presence of genomic RNA, Phys. Rev. E 87,
022717 (2013).

[230] D. Endres, M. Miyahara, P. Moisant, and A. Zlotnick, A
reaction landscape identifies the intermediates critical for self-
assembly of virus capsids and other polyhedral structures,
Protein Sci. 14, 1518 (2005).

[231] E. C. Dykeman, A model for viral assembly around an ex-
plicit RNA sequence generates an implicit fitness landscape,
Biophys. J. 113, 506 (2017).

[232] R. Schwartz, P. W. Shor, P. E. Prevelige, and B. Berger, Local
rules simulation of the kinetics of virus capsid self-assembly,
Biophys. J. 75, 2626 (1998).

[233] G. R. Smith, L. Xie, and R. Schwartz, Modeling effects
of RNA on capsid assembly pathways via coarse-grained
stochastic simulation, PLoS ONE 11, e0156547 (2016).

[234] M. F. Hagan and D. Chandler, Dynamic pathways for viral
capsid assembly, Biophys. J. 91, 42 (2006).

[235] J. D. Perlmutter and M. F. Hagan, The role of packaging sites
in efficient and specific virus assembly, J. Mol. Biol. 427, 2451
(2015).

[236] S. B. P. E. Timmermans, A. Ramezani, T. Montalvo, M.
Nguyen, P. van der Schoot, J. C. M. van Hest, and R. Zandi,
The dynamics of viruslike capsid assembly and disassembly,
J. Am. Chem. Soc. 144, 12608 (2022).

[237] M. Gupta, A. J. Pak, and G. A. Voth, Critical mechanistic
features of HIV-1 viral capsid assembly, Sci. Adv. 9, eadd7434
(2023).

[238] H. D. Nguyen, V. S. Reddy, and C. L. Brooks, Deciphering
the kinetic mechanism of spontaneous self-assembly of icosa-
hedral capsids, Nano Lett. 7, 338 (2007).

013013-18


https://doi.org/10.1038/s41580-020-00303-z
https://doi.org/10.1038/s41557-024-01630-w
https://doi.org/10.1101/2025.05.24.655949
https://doi.org/10.1016/j.sbi.2009.12.006
https://doi.org/10.1021/acsnano.5c08120
https://doi.org/10.1038/s41563-021-01020-4
https://doi.org/10.1073/pnas.2312775121
https://doi.org/10.1126/science.abd9994
https://doi.org/10.1038/nature25157
https://doi.org/10.1126/science.aaf8818
https://doi.org/10.1038/nature18010
https://doi.org/10.3390/ijms20030592
https://doi.org/10.1021/acsnano.0c07167
https://doi.org/10.1021/acssynbio.9b00407
https://doi.org/10.1073/pnas.2403384121
https://doi.org/10.1016/j.jbc.2024.107831
https://doi.org/10.1073/pnas.1807706115
https://doi.org/10.3390/v14102089
https://doi.org/10.1021/acsnano.1c06335
https://doi.org/10.1103/vbz2-gn6l
https://doi.org/10.5281/zenodo.18010500
https://doi.org/10.1088/1478-3975/7/4/045003
https://doi.org/10.1103/PhysRevE.75.051901
https://doi.org/10.1103/PhysRevE.87.022717
https://doi.org/10.1110/ps.041314405
https://doi.org/10.1016/j.bpj.2017.06.037
https://doi.org/10.1016/S0006-3495(98)77708-2
https://doi.org/10.1371/journal.pone.0156547
https://doi.org/10.1529/biophysj.105.076851
https://doi.org/10.1016/j.jmb.2015.05.008
https://doi.org/10.1021/jacs.2c04074
https://doi.org/10.1126/sciadv.add7434
https://doi.org/10.1021/nl062449h

LIQUID-LIQUID PHASE SEPARATION ENABLES ...

PRX LIFE 4, 013013 (2026)

[239] H. D. Nguyen, V. S. Reddy, and C. L. Brooks, Invariant poly-
morphism in virus capsid assembly, J. Am. Chem. Soc. 131,
2606 (2009).

[240] M. J. Varga, Y. Fu, S. Loggia, O. N. Yogurtcu, and M. E.
Johnson, NERDSS: A nonequilibrium simulator for multi-
body self-assembly at the cellular scale, Biophys. J. 118, 3026
(2020).

[241] J. P. Mahalik and M. Muthukumar, Langevin dynamics simu-
lation of polymer-assisted virus-like assembly, J. Chem. Phys.
136, 135101 (2012).

[242] R. Zhang and P. Linse, Topological effects on capsomer-
polyion co-assembly, J. Chem. Phys. 140, 244903 (2014).

[243] R. Zandi and P. van der Schoot, Size regulation of ss-RNA
viruses, Biophys. J. 96, 9 (2009).

013013-19


https://doi.org/10.1021/ja807730x
https://doi.org/10.1016/j.bpj.2020.05.002
https://doi.org/10.1063/1.3698408
https://doi.org/10.1063/1.4883056
https://doi.org/10.1529/biophysj.108.137489

