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SUMMARY

Cells use membraneless compartments to organize their interiors, and recent research has begun to uncover
the molecular principles underlying their assembly. Here, we explore how site-specific and chemically spe-
cific interactions shape the properties and functions of condensates. Site-specific recruitment involves pre-
cise interactions at specific sites driven by partially or fully structured interfaces. In contrast, chemically spe-
cific recruitment is driven by complementary chemical interactions without the requirement for a persistent
bound-state structure. We propose that site-specific and chemically specific interactions work together to
determine the composition of condensates, facilitate biochemical reactions, and regulate enzymatic activ-
ities linked to metabolism, signaling, and gene expression. Characterizing the composition of condensates
requires novel experimental and computational tools to identify and manipulate the molecular determinants
guiding condensate recruitment. Advancing this research will deepen our understanding of how condensates

regulate cellular functions, providing valuable insights into cellular physiology and organization.

INTRODUCTION

Cellular organization is hierarchical, regulated, and dynamic. Far
from being a homogeneous mixture of biomolecules, the interior
of a cell is a highly organized environment with precise spatial
and temporal regulation.” llluminated by an ever-expanding
toolkit of imaging technologies and spatial proteomics, complex
and dynamic localization patterns of biomolecules have been
uncovered at unprecedented resolution, revealing the spatial
complexity that governs cellular behavior.?

Cellular organization is often described in terms of membrane-
bound compartments, such as the nucleus, mitochondria,
lysosome, and endoplasmic reticulum. Membrane-bound com-
partments segregate and concentrate macromolecules into
specialized microenvironments, often with critical functions for
cellular physiology. These compartments are connected through
a dynamic network of transport processes and membrane contact
sites that shuttle macromolecules.® Targeted subcellular localiza-
tion to membrane-bound organelles can be driven by specific en-
ergy-dependent transporters, passive localization following con-
centration gradients, or by some combination of the two.” The
cytoskeleton also plays a critical role in the macroscopic organiza-
tion of the cellular interior and microscopic transport processes.” It
offers a structural scaffold for the directed movement of vesicles,
proteins, and organelles. Through targeted localization of macro-
molecules among different membrane-bound compartments,
cells ensure that the complement of biomolecular processes is
appropriately regulated in space and time.

Beyond membrane-bound compartments, an appreciation for
the importance of subcellular organization in the cytosol
emerged as early as 1899.%" Even as structural biology was in
its infancy, it was recognized that labile interactions between
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proteins in the cellular context may be critical for forming func-
tionally important higher-order assemblies.® ' The importance
of these assemblies was initially proposed as a conceptual
model,®'" explored biochemically in the context of various
membraneless bodies, and has ultimately re-emerged under
the moniker of biomolecular condensates.'*™'®

Biomolecular condensates (condensates) are membraneless,
non-stoichiometric cellular assemblies that concentrate and
recruit specific biomolecules while excluding others'? %1718
(Figure 1A). Condensates can be small, made up of hundreds
of molecules, or large, with diameters of multiple micrometers.
From a cellular perspective, they can be constitutive (e.g.,
nucleoli’®2% or inducible (e.g., stress granules®’??). They
possess emergent properties—properties that appear only as
a consequence of the collective effect of the condensate constit-
uents.?>?* These emergent properties include (but are not
limited to) an internal dielectric,?® interfacial tension,”® viscos-
ity,'*7?8 elasticity,”**° pH,*' local ion concentration,**>°
and interfacial electric potentials,®**5=° all of which can differ
significantly from their surroundings. Moreover, condensates
have a boundary that defines the interior and exterior through
an interfacial region, which can be just tens of nanometers in
width, and that interface can encode properties distinct from
both the interior and exterior.>**°~*? |n short, despite lacking a
canonical lipid barrier separating their interior and exterior, con-
densates possess many properties typically ascribed to mem-
brane-bound organelles.”*™*° Importantly, entry and exit into a
condensate does not necessarily require an active (energy-
dependent) process but can occur via passive diffusion of mole-
cules into and out of the condensate (Figure 1B).

Given that they lack a surrounding membrane, why do conden-
sates form and remain stable? While various physical processes
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Figure 1. Biomolecular condensates are cellular assemblies that concentrate a specific subset of molecules

(A) A range of different cellular bodies are well described as biomolecular condensates.

(B) Many biomolecular condensates are liquid-like, with constituents showing diffusion into and out of the condensate.

(C) Phase separation depends on multivalent interactions, where the valency of a monomer determines how the number of free sites scales as multimers form
(sites per molecule). For trivalent species (or higher), adding additional monomers onto an oligomer generates an ever-increasing valency-per-oligomer, enabling

network formation.

(D) Gelation reflects a phase transition that lacks a sharp density transition with respect to one or more components but instead involves a sharp connectivity

transition with respect to inter-chain network formation.

(E) Phase separation reflects a phase transition with a sharp density transition leading to specific spatial regions with distinct molecular compositions.
(F) Phase transitions can happen within a dense solution, such that while the absolute density in macromolecules between two phases may be the same, the

composition in the two phases can still be very different.

(G) A characteristic of phase separation is that on some length scale, the average properties are homogeneous across distinct regions of the same phase. This
does not preclude condensates possessing complex internal substructures on shorter length scales.

could underlie their formation, in many cases, their assembly,
maintenance, and dissolution appear to be well described by
the physics of phase transitions.'*'® Direct investigation of this
concept through a combination of experimental perturbation
and physical modeling has provided evidence that is consistent
with phase transitions, offering a cogent framework to describe
the behavior of a wide variety of condensates,'#?2%3144:46-53
Moreover, in vitro facsimiles of cellular condensates consisting
of one or more different components are quantitatively described
by the physics of phase separation.'®2%27:295457 Thys, applying
the physics of phase transitions to describe cellular condensates
presents the opportunity to understand and explain their proper-
ties and dynamics.

Multivalency, which refers to the ability of a single molecule to
interact favorably with multiple partners simultaneously, is often
invoked as a key requirement for a macromolecule to be a driver
of phase transitions. Monovalency—the ability to interact with
one partner only —facilitates the assembly of dimers but no other

species (Figure 1C). Divalency —the ability to interact with one or
two partners only—facilitates the formation of linear oligomers
(of 2, 3, 4, ..., n molecules long, potentially forming long fila-
ments) but does not allow the formation of a network in 2D or
3D (Figure 1C). However, trivalency —the ability to interact with
one, two, or three partners only—and higher-order valencies
facilitate percolation in 2D and 3D, allowing the molecules to
form fully connected networks (Figure 1C).

The concentration-dependent formation of a connected
network is a phase transition.'*'52%°% Phase transitions can
manifest as gelation, in which a connected network forms
without a local region that is enriched for one or more specific
molecules (Figure 1D). Phase transitions can also manifest as
phase separation, in which one or more specific molecules co-
assemble in a local region (Figure 1E). It is worth noting that in
phase separation the total concentration of biomolecules may
be the same across a phase boundary—that is, the total protein
density may be the same inside vs. outside a condensate
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(Figure 1F). However, in this case, the compositions of the two
phases will be different, such that the different phases have
distinct emergent properties. Gelation and phase separation
have also been referred to as associative and segregative phase
transitions, respectively.59

Phase separation has been invoked in many scenarios as the
process that underlies the formation of biomolecular conden-
sates.'> 132360 phase separation enables the formation of two
(or more) coexisting phases. The term “phases” here reflects
local regions of space with distinct molecular compositions
(and hence emergent properties). Importantly, phases are
macroscopically homogeneous: a phase is a region of space
where the local material/chemical/compositional properties are
uniform on a macroscopic scale. This means that two distinct
portions of the phase would have identical properties
(Figure 1G). While in a strict thermodynamic sense, phases
should be in equilibrium with one another, this may not be the
case in cells, either due to active processes (e.g., transcription®’
or enzymatic activity®?) or due to dynamical arrest trapping con-
densates in metastable states.'®>**%>5* However, despite this
caveat, principles adopted from equilibrium physics have shown
remarkable fidelity in at least semi-quantitatively capturing the
behavior of condensates in cells, suggesting that many conden-
sates may—at least from a macroscopic phenomenological
standpoint—be in approximate equilibrium or steady state.

In the simplest possible system of solvent and polymer (e.g., a
single type of protein), phase separation is driven by solubility.
Above some solubility limit (saturation concentration, csy), the
solvent can no longer support additional polymer, so any addi-
tional polymer “crashes out” into an “insoluble” phase. In the
context of many inorganic compounds—and indeed many pro-
teins—that insoluble phase manifests as a (high-concentration)
insoluble precipitate that separates from a liquid phase. In the
context of liquid-liquid phase separation (LLPS), that insoluble
phase is a second, more concentrated liquid. In this situation,
we refer to the two coexisting phases as the dilute phase and
the dense phase.

Many condensates appear to have liquid-like properties on
some length scales and time scales, although we emphasize
that liquidity is not a prerequisite for function.*?>5° Liquid-like
behavior can be qualitatively assessed in terms of dripping,
wetting, fusion, and fission and (semi)-quantitatively evaluated
in terms of fluorescence recovery after photo bleaching
(FRAP), fusion relaxation dynamics, contact angles, and pas-
sive/active (micro)-rheology.'*2°27-56:56:57 However, unambigu-
ously knowing whether a condensate is formally well described
as a simple liquid or a viscoelastic material (possessing both
liquid and solid properties) is challenging.*>*° As such, we will
use “phase separation” (without the liquid-liquid modifier) to
describe phase separation that gives rise to condensates. For
convenience, the remainder of this perspective describes con-
densates under the assumption that they form through phase
separation.

The propensity for a molecule to partition into a condensate (or
not) can be described by its partition coefficient (Ky) (Figure 2A).
This value reflects the ratio of molecular concentrations between
the dense phase (i.e., the condensate) and the dilute phase. In
practice, partition coefficients are often reported in terms of ra-
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tios of fluorescence intensities. While qualitatively this will reflect
ratios of concentrations between the two phases, converting
fluorescence intensity directly to concentration is extremely
challenging.’® As such, treating Ko, obtained from fluores-
cence-based imaging as semi-quantitative rather than as an ab-
solute concentration measurement is generally safer.

For a simple two-component system (polymer + solvent), the
partition coefficient reflects the driving force for phase separa-
tion, with a higher partition coefficient commensurate with a
stronger drive to separate into two phases. For systems with
more than two components, the partition coefficient of any
component (for any condensate) is the combined effect of all
possible intermolecular interactions dictating the net driving
force for recruitment or exclusion into all available phases
(Figure 2B). In systems approximating cellular complexity, every
possible mobile component—ions, proteins, nucleic acids—has
a partition coefficient for each phase. Consequently, the compo-
sition of a condensate is dictated by the identity and concentra-
tions of all possible mobile components within a system. Put
another way, the overall identity and concentration of every sin-
gle component determines how all other components are distrib-
uted across all phases.

The stickers-and-spacers framework is one convenient con-
ceptual model through which condensate-forming molecules
can be described (Figure 2C).°%%° In this model, sites that play
a major role as drivers of attractive interactions (and conse-
quently the specificity of recruitment into condensate) are
termed “stickers” while sites that do not are termed “spacers.”
Stickers can interact with stickers and spacers, and the relative
importance of sticker:sticker and sticker:spacer interactions will
depend on the molecular details of a system.**”® Which regions
or residues are stickers and which are spacers can be depen-
dent on context, influenced by the available binding partners
and the solution environment. Furthermore, spacers are not
inert. They contribute to the specificity of interactions with the
solvent, and they influence the cooperativity or lack thereof of
sticker:sticker interactions. All together, stickers can be defined
phenomenologically as residues, regions, motifs, or domains
that, if removed, have a more pronounced effect on the partition
coefficient than if an equivalent number/mass of spacers were
removed (Figure 2C).°" The framework also defines condensate
interiors as complex networks generated by sticker-driven
reversible interactions and by the effects of spacers, which influ-
ence the density and lifetimes of those interactions. Finally, we
emphasize that the stickers-and-spacers framework is effec-
tively a first-order approximation for describing the phase be-
haviors of multivalent macromolecules.

Multivalent biomolecules with many stickers can drive the for-
mation of condensates with liquid-like properties.?*>"-**"" Multi-
valency is essential for the formation of a 3D interaction network
that sustains the condensate (Figure 1C). The exchange lifetimes
of interactions govern the timescales of network re-arrange-
ment, ultimately dictating condensate material properties such
as viscoelasticity and interfacial tension.?®">"®> Moreover, con-
densates are often viscoelastic materials, meaning their defor-
mation under strain shows both viscous (time-dependent) and
elastic (recoverable deformation) behavior. The strengths of
intra- and intermolecular interactions will determine the balance



Molecular Cell

A Protein A Protein B

¢? CellPress

OPEN ACCESS

20
@ i
c 4 7
2

Six coexisting phases Kp of protein 1

, [ ] . A,B,CD,EF

K, (protein A) = ——= 40 K, (protein B) =——= ( ) A conc/énsate A
Y

15

nstlcker spacer :\ ) (\ )
Stlcker
2 9 £ 5
3 2
A5 spacer A5 sticker Scenario 1 Scenario 2
residues residues

folded domains

N

connecting linkers

Partition coefficients (Kp) integrate information
across all possible accessible phases

local
compaction

transient
helicity

long-range
contacts

Figure 2. Biomolecular recruitment is quantified by the partition coefficient, which integrates all possible interactions in the system
(A) The partition coefficient quantifies the ratio of a molecule of interest in one phase vs. another. Different proteins within the same condensate may possess very

different partition coefficients (protein A vs. B).

(B) For coexisting phases (top left), a single protein will have a partition coefficient for each different phase (top right). Numbers quantify the partition coefficient. If
one of those phases is removed (e.g., phase “A”), the protein of interest could redistribute in a wide variety of different ways, in part due to other components
previously sequestered within phase A redistributing (bottom). In this way, the partition coefficient of any protein in any phase is an emergent consequence of all

possible sets of chemical equilibria in the system.

(C) The stickers and spacers model proposes that distinct protein residues or regions can be designated as stickers and spacers (left). Stickers are defined
phenomenologically as those residues or regions where their deletion has a large impact on the saturation concentration compared to an equivalent number/

mass of spacer residues (right).

(D) Linear multidomain proteins involve folded domains connected by linkers.

(E) Intrinsically disordered proteins and protein regions (IDRs) lack a stable 3D structure yet still possess local and long-range sequence-encoded biases in their

ensemble.

between viscous and elastic behavior. As such, condensate ma-
terial properties are determined—at least in part—by the same
interactions that determine interaction specificity.?%2%74~""
Many different types of biomolecules can undergo self-associ-
ation or association with a partner to form a liquid-like conden-
sate. One example of a molecular architecture that is well
described in terms of stickers and spacers is linear multivalent
proteins consisting of folded protein-protein interaction domains
connected by disordered linkers (Figure 2D). For these mole-
cules, precise site-specific binding interfaces enable highly spe-
cific molecular recognition with a corresponding partner pro-
tein.'®*%78 In parallel, intrinsically disordered regions (IDRs)
with a variety of sequence features have also been found to
form condensates in various contexts.?>**""-"9-8¢ Unlike folded
domains, IDRs are regions of proteins that lack a stable 3D struc-

ture and instead exist in a fluctuating collection of interconverting
states known as an ensemble (Figure 2E).%” IDRs are not neces-
sarily low complexity, although there has been substantial inter-
est by the research community in disordered low-complexity do-
mains in condensates.®®> One common misconception is that
IDRs are inherently predisposed to drive phase separation.
This is no more the case than the idea that folded domains are
inherently predisposed to mediate protein:protein interactions.
In both cases, the key feature is the tendency of the proteins
to undergo attractive intermolecular interactions, which is gov-
erned by the specific amino acid sequence.®*%°

Giventhe preceding introduction, we returnto how condensates
influence cellular organization. For membrane-bound organelles, a
critical determinant of their function is determined by what compo-
nents can enter and exit. The presence of a lipid bilayer generally
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necessitates dedicated channels and transporters to enable trans-
port of mobile components into and out of an organelle. This is in
stark contrast to condensates, which lack a surrounding mem-
brane. What then determines entry into and exit from a conden-
sate? Phenomenologically, recruitment or exclusion can be quan-
tified in terms of a partition coefficient, but what are the molecular
and physical determinants underlying this value?

Inthis review, we discuss our emerging understanding of the de-
terminants of recruitment and exclusion of proteins into biomole-
cular condensates. We consider where and how specificity can
be encoded, and we delineate two modes of interaction, referred
to as site-specific and chemically specific interactions, and how
these two interaction modes are regulated and interplay with one
another. While our focus here is on proteins, the principles and
concepts outlined are directly applicable to other biomolecules.
Our protein-centric perspective is driven at least in part by the rela-
tive genetic tractability afforded by proteins coupled with the
diverse chemical palette offered by amino acids. Finally, we
discuss the ways by which site-specific and chemically specific in-
teractions synergize to direct the composition and properties of
condensates, facilitate chemical reactions, and regulate cellular
processes like metabolism, signaling, and gene expression.

PROTEIN-MEDIATED INTERACTIONS CAN BE SITE
SPECIFIC OR CHEMICALLY SPECIFIC

In the following, we will turn to the interactions underlying
condensate assembly. Protein-mediated interactions play a ma-
jor role in organizing the interior of cells.?® Traditionally, these
interactions have been considered from the vantage point of
site-specific molecular recognition.”"%? In site-specific interac-
tions—sometimes referred to as sequence-specific molecular
recognition in the context of IDRs®” —a combination of chemical
and shape complementarity between a structured protein inter-
face and a partner that may or may not be structured initially (but
becomes structured in the context of the interaction) dictates
both specificity and affinity. Structural studies have enabled
the detailed elucidation of thousands of distinct protein:protein
interfaces. Site-specific molecular recognition events encoded
in a relatively small surface area can still have incredible speci-
ficity and affinity, enabled by amino acids’ broad structural and
chemical palette.

Site-specific protein interactions are driven by the precise ge-
ometry of residues in the bound state. For folded domains, that
geometry is typically predefined (precisely or approximately) by
the overall topology and fold of the domain before binding
(Figure 3A). Specificity and affinity are then determined by the
combined contributions of multiple amino acids across a binding
interface interacting simultaneously. As a result, even individual
point mutations can entirely abrogate these site-specific interac-
tions, either by disrupting an attractive interaction or by intro-
ducing a repulsive interaction (Figure 3B). That said, it is also
possible for some interfacial residues to contribute minimally
and be relatively permissive to at least a subset of possible mu-
tations. Changes to protein interaction interfaces have emerged
as key regulatory mechanisms, for example, by introducing
post-translational modifications, and as the underlying cause
of various human diseases.
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While it might be tempting to assume site-specific interactions
are the purview of folded domains, IDRs can also engage in high-
ly specific molecular interactions. For IDRs, site-specific interac-
tions are generally determined by short linear motifs (SLiMs).%*
SLiMs are ~4-~12 amino acid regions with one or more key res-
idues facilitating site-specific molecular recognition with a part-
ner. SLiMs can partially or fully fold upon binding, giving rise to a
geometrically defined (albeit potentially short-lived) bound
conformation with an interaction partner (Figure 3C). Cases in
which bound states remain structurally heterogeneous (despite
defined interacting residues) are sometimes referred to as fuzzy
binding.?* Importantly, while some positions in SLiMs are highly
permissive to mutations, other positions are tightly constrained
in terms of which amino acids are tolerated to preserve an inter-
action. Consequently, when single-point mutations in IDRs have
drastic phenotypic consequences, one molecular mechanism
through which this can emerge is by altering SLiMs.®

Beyond site-specific molecular recognition, a growing body of
work has highlighted the importance of chemically specific mo-
lecular recognition.®'>"°67'% Unlike site-specific interactions,
in chemically specific interactions, complementary chemical
groups between a protein and a partner facilitate molecular inter-
actions that depend less on the precise order of amino acids
than on the local or global presence of specific chemical moi-
eties (Figure 3D). While site-specific interactions give rise to a
geometrically defined bound state, chemically specific interac-
tions lack a structurally identifiable bound state.?”'%" Instead,
a large number of energetically equivalent bound state configu-
rations are realized.

Because chemically specific interactions do not rely on a precise
bound-state geometry, regions that engage in chemically specific
interactions can often accommodate mutations if those changesin
sequence conserve chemical specificity. This tolerance to muta-
tions emerges from two distinct but related determinants. First,
the absence of a defined 3D structure in the bound state (and in
the unbound state, in the case of disordered regions) means indi-
vidual mutations cannot disrupt inter- (or intra-, for disordered re-
gions) molecular native state contacts. Second, the large number
of energetically equivalent bound-state configurations introduces
substantial redundancy into the bound state, such that disruption
of one (or a small number) of those bound states does not neces-
sarily abrogate binding. As an example, chemical specificity un-
derlies the interaction between ProTa and the C-terminal disor-
dered region from histone H1, such that the binding affinities of
D- vs. L-enantiomeric versions of the H1 disordered region are
indistinguishable from one another (in direct contrast to interac-
tions in which the bound state is highly structured).'®®

In addition to bound-state configurational redundancy, the
natural amino acids encode a variety of different intermolecular
interactions enabled by different subsets of the amino acids
(Figure 3E). This chemical redundancy also encodes a degree
of robustness to mutations, although it is worth clarifying that
no two amino acids are entirely interchangeable. Moreover, mu-
tations that alter chemical complementarity between two pro-
teins can have a measurable impact on binding affinity, espe-
cially if multiple groups of the same chemical type are changed.

Both site-specific and chemically specific molecular recognition
can mediate conventional 1:1 stoichiometric interactions.®>'%”
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Figure 3. Site-specific and chemically specific binding define two related modes of intermolecular interaction
(A) Site-specific interactions rely on a specific chemical and geometrical bound state and require a specific orientation of amino acids. Changing the order of
amino acids, even if the same residues are retained, will generally disrupt site-specific molecular recognition unless an alternative and stable bound-state

complex can be accommodated.
(B) Single-point mutations can disrupt site-specific molecular interactions.

(C) Intrinsically disordered regions can engage in site-specific molecular recognition through short linear motifs (SLiMs).

(D) Disordered regions and folded domains can also engage in chemically specific interactions. Here, a disordered region interacts with a folded protein (top) or
interacts with another disordered region (bottom). Not shown is a folded region interacting with a folded region.

(E) Distinct non-covalent attractive inter-residue interactions are mediated by different amino acid types. Many amino acids can engage in multiple different types
of interactions; for example, salt bridges typically consist of both hydrogen bonding and electrostatic interactions. Different interactions (even among the same
amino acids) can vary in strength (e.g., W:W is stronger than F:F). Standard one-letter codes for amino acids are used, with HC reflecting neutral histidine and H*

protonated histidine.

However, they can also enable the multivalency necessary for
higher-order assembly into biomolecular condensates. In the
context of biomolecular condensates, many principles underlying
chemical specificity have been examined and described in terms
of the “molecular grammar” that underlies the driving forces for
phase Separation.25,28,51,54,55,79—81,83,109—1 25

Site-specific and chemically specific interactions exist on a
continuum. For example, in IDRs, structured interfaces or
SLiMs are often tolerant of specific mutations that preserve local
chemistry, indicating that distinct bound states may be suffi-
ciently similar in terms of binding energetics.'® Emerging work
suggests that site-specific molecular recognition is licensed by
a chemical context that enables complementary chemical spec-
ificity, in effect providing a hierarchical binding model. For
example, chemically specific interactions could steer the
encounter of two interacting biomolecules to eventually estab-
lish productive site-specific interactions.®”+127-%0

For folded domains, favorable surface chemistry may drive
certain binding interfaces to be preferred over others, while

site-specific cryptic pockets may be accessible only upon local
remodeling driven by chemically specific intermolecular interac-
tions. In general, site and chemical specificity unavoidably coop-
erate to shape the landscape of molecular interactions. In this re-
view, it is important to note that they also determine the attractive
and repulsive interactions that recruit or exclude proteins into
biomolecular condensates.

SITE-SPECIFIC INTERACTIONS ENABLE PRECISE
CONTROL OF CONDENSATE RECRUITMENT

Since site-specific molecular interactions depend on a precise
bound-state structure, changes to regions or residues that
engage in site-specific interactions offer the most robust means
to dramatically influence condensate formation/recruitment with
minor changes in sequence. While it is sometimes suggested
that phase separation requires “promiscuous” or “non-specific”
interactions, this is a misconception. While promiscuous multi-
valent interactions can drive phase separation, so too can highly

Molecular Cell 85, January 16, 2025 295



¢? CellPress

OPEN ACCESS

specific multivalent interactions. The attractive interactions un-
derlying phase separation are typically a combination of site-
specific and chemically specific interactions.

There is ample evidence that site-specific interactions are crit-
ical in condensate assembly. One example is the above-
mentioned group of linear multivalent proteins, where folded
interaction domains promote interactions with SLiMs. Examples
here included (1) SUMO-interacting domains (SIMs) interacting
with SUMO moieties,”® (2) proline-rich SLiMs interacting with
SH3 domains (e.g., GRB2),"®"®" (3) PAM2 motifs in Ataxin-2 in-
teracting with PAB1,"*2 or (4) a SLiM in Caprin-1 interacting
with the G3BP1/2 N-terminal domain."®®> Moreover, canonical
protein:protein interfaces are often essential for condensate as-
sembly by promoting protein dimerization or oligomerization. Ex-
amples are the (1) N-terminal domains of TDP-43"** and G3BP1/
222135 required for dimerization, (2) the N-terminal domain of
NPM1 that promotes pentamer formation, '*® and (3) the obligate
oligomeric protein GvpU that assembles into pentamers which
drive higher-order assembly in gas vesicle clustering.”®” For
G3BP1 and TDP-43, the dimerization domains not only double
the valency, but also provide additional interfaces for interac-
tions with other proteins (e.g., Caprin-1 binding to G3BP1/2'%%)
or higher order self-assembly (e.g., oligomerization and multime-
rization of TDP-43"%%). More broadly, work has shown that many
proteins are poised to undergo higher-order stoichiometric mul-
timerization, which often leads to condensate formation.'?
However, oligomerization can also have a regulatory role by re-
pressing condensation, especially if oligomerization interfaces
are in competition with interactions that otherwise enable multi-
valency for phase separation.'*'*" In this context the idea of
“valence capping” —quenching multivalency through the inter-
action with monovalent species—offers a way to understand
how oligomerization can suppress phase separation.*’

Beyond oligomers of a fixed stoichiometry, many condensate-
forming proteins polymerize into homo- or heteromeric fila-
ments, which carry additional valencies for their assembly into
3D networks to promote condensation.'** Examples are SAM
domain proteins,*® DIX domain proteins (e.g., DvI2),’** and
PB1 domain proteins (e.g., ARF19 or p62),">'*® all of which
can polymerize into dynamic homo- or hetero-filaments by a
head-to-tail mechanism. The interfaces that underlie filament as-
sembly are expected to be distinct from the interfaces that
enable condensate formation because the interfaces required
for filament polymerization become capped upon monomer
addition. Prior work has suggested that linear polymerization
could give rise to “emergent stickers” —novel interfaces that
emerge only upon filament formation.®® In this way, a combina-
tion of site-specific (filament formation) and chemically specific
(emergent stickers) could encode orthogonal interaction modes
to drive condensate formation.

One well-characterized system that combines filament forma-
tion and inter-filament interactions is the protein SPOP, which
polymerizes through its tandem dimerization domains (BTB
and BACK ) into linear protein arrays that undergo further assem-
bly."*~'°° The DNA damage sensor PARP1 exhibits various ca-
nonical protein:protein interfaces that promote multimerization
into protein-DNA co-condensates upon DNA binding.'®" Finally,
coiled-coil domains can drive the formation of oligomeric
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species that undergo phase separation.'®”'*® Well-studied
examples here include centrosomal proteins (SPD-5),'%
LINE1,"%5"56 Popz,""® and FLOE1."®” Moreover, site-specific in-
teractions to facilitate protein multimerization, which in turn
enables condensate formation, have been developed as tools
for constructing synthetic condensates in various sys-
tems. 81521587163 Thege examples demonstrate the key role of
site-specific interactions in condensate recruitment.

Although proteins play a key role in condensate assembly,
there is increasing evidence suggesting a central role for nucleic
acids'®"%8 or nucleic acid-like molecules such as poly(ADP)
ribose (PAR) in condensate recruitment.’®""'®® In fact, many
known condensates contain high concentrations of nucleic
acids,??'"? and changes in RNA concentration have dramatic ef-
fects on condensate integrity.'®>'”""'72 |n the case of the nucle-
olus, ribosomal RNA (rRNA) is produced from clustered rDNA re-
gions that generate a high local RNA concentration.'® The local
production of highly concentrated rRNA is essential for the over-
all architecture of the nucleolus,'”® presumably because rRNA
provides many site-specific binding sites for nucleolar RNA-
binding proteins that are essential for maintaining nucleolar
integrity. More generally, RNA-binding proteins composed of
several structured RNA binding domains, such as RRMs, play
crucial roles in the assembly of many condensates, often by
binding to specific sequence motifs in RNA molecules locally
produced by point sources such as active genes.'”*'"® Nucleic
acid-like molecules like PAR, which can be linear and/or
branched, are produced by PAR polymerases such as PARP1,
often upon local cues such as a double-strand break. The
three-dimensional PAR network that results from local PAR po-
lymerase activity provides a binding platform for a large set of
PAR binding proteins that bind to PAR polymers via site-specific
interaction domains such as the BRCA domain.'""%® Recent
work also suggests that RNA molecules can engage in trans in-
teractions via Watson-Crick base-pairing.'”®'”” However, the
contribution of such trans-RNA-RNA interactions to condensate
recruitment and stability is still unclear.

In summary, site-specific interactions between proteins or
proteins and nucleic acids or nucleic acid-like molecules play
key roles in condensate assembly. Abrogating these interactions
often disrupts condensate assembly altogether, suggesting that
these interactions have an essential stabilizing role. Additionally,
site-specific interactions appear particularly important for the
early stages of condensate assembly, suggesting key roles in
initiating condensate assembly as a response to specific local
cues in cells.

CHEMICALLY SPECIFIC INTERACTIONS ENABLE
RHEOSTATIC CONTROL OF CONDENSATE
RECRUITMENT

Thus far, we have considered chemical specificity in the context
of two macromolecules interacting with one another. Where
condensate recruitment is concerned, chemical specificity de-
pends on the intra-condensate and extra-condensate chemical
environments. That intra-condensate environment is a product
of both the biomacromolecules within the condensates
(proteins, RNA, etc.) and also all metabolites, ions, and small
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RGG3 Figure 4. FUS LCD in isolation vs. FUS full-

Phase separation

length show opposing responses to
phosphorylation

(A) Molecular architecture of the RNA binding
protein FUS. An intrinsically disordered N-terminal
tyrosine-rich low complex domain (LCD) sits
ahead of three arginine-glycine-rich RGG domains
(RGG1, RGG2, RGG3), separated by a folded RNA
recognition motif (RRM) domain and a folded zinc

finger (ZnF).

(B) Schematic of results obtained when the LCD is
examined in isolation. Here the addition of nega-
tively charged moieties—either via the introduc-

tion of aspartate (D) or glutamate (E) residues or
via phosphorylation—suppresses phase separa-

tion. This is because for the LCD in isolation,
phase separation is primarily driven by tyrosine-
Repulsion {0 mediated interactions, and the introduction of
negative charge provides both intermolecular
electrostatic repulsion and enhanced solubility

Phase separation

due to D/E/PO, strongly favorable interaction with
solvent.
(C) Schematic of results obtained when examining

s

the full-length FUS. Here, the addition of negative
charge into the LCD modestly enhances phase
separation. This is because for full-length FUS,
the primary interactions that drive phase separation
is now tyrosine:arginine interactions (LCD:RGG),

Phase separation

with some contribution from other tyrosine-
mediated interactions. The addition of negative
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A an additional electrostatic contribution to the
d D LCD:RGG interactions.

molecules. This chemical environment can be described in terms
of a physicochemical barcode.’”® The extra-condensate envi-
ronment is similarly determined by the concentration and identi-
ties of components outside the condensate. As a result, chemi-
cal specificity for condensates is effectively a readout of the
integrated chemical environment inside and outside a conden-
sate. That environment—in turn—depends on the identity and
concentration of all components present in the system. A conse-
quence of this is that while site-specific recruitment can be “dig-
ital” —a potential partner possesses or lacks a binding motif
necessary to facilitate interaction with condensate compo-
nents—chemically specific recruitment is “analog” and reflects
the partitioning of all components across the system between
and among all possible co-existing phases.

Chemically specific intermolecular interactions are most
commonly associated with IDRs. For example, mutations that alter
the number of aromatic residues (tyrosine, phenylalanine, and
tryptophan) have been found to tune phase behavior and —when
measured—alter macroscopic binding affinities across a range
of systems,?:°455:79-81.112. 117179181 gimilar results have been ob-
tained for arginine residues in the context of aromatic-rich
IDRs,?>°1:55:182.183 a5 well as charged residues®® 061361847189 o
aliphatic hydrophobic residues.?>%% %1% |mportantly, in many
cases, some combination of these partially or entirely chemically
orthogonal interaction modes dictates the overall chemical speci-
ficity of an IDR.>"°>:84:109.192

While loss-of-function mutations can disrupt phase separation
if key sticker residues are mutated to spacer residues, gain-of-
function mutations can also disrupt phase behavior if spacer

(or sticker) residues are replaced by residues that are antago-
nistic to the attractive interactions that drive phase separation.
For example, introducing 12 negatively charged glutamate resi-
dues (12E) into the tyrosine-rich low-complexity domain (LCD) of
the RNA binding protein FUS suppresses its phase separation
(Figures 4A and 4B).""" However, chemical specificity implies
the impact of mutations depends on the chemistry of the partner.
In the case of FUS, the 12E variant suppresses phase separation
of the LCD-only construct due to electrostatic repulsion
impeding attractive tyrosine:tyrosine interactions (Figure 4B).
However, introducing 6 or 12 negatively charged residues into
the LCD in the context of full-length FUS enhances phase sepa-
ration,”"" presumably because the glutamate residues enhance
interactions between the tyrosine-rich LCD and the arginine-rich
C terminus®"""" (Figure 4C). This example highlights the “spec-
ificity” in chemical specificity; chemical complementarity de-
pends on the partner with which a protein interacts.

Beyond amino acid composition, the relative position of
different residues (i.e., patterning) can strongly influence affinity
and specificity in IDRs. The importance of charge patterning—
the relative position of positively and negatively charged residues
across an IDR—in dictating IDR conformational behavior was es-
tablished over a decade ago.'%*~'%° Charge patterning has subse-
quently been shown to play a key role in tuning the driving forces
for phase separation and also influencing IDR specificity in terms
of condensate partitioning.?*3":83 106183185196 The  |inear
patterning of aromatic residues can also influence condensate
formation in vitro and likely intermolecular interactions in
cells.®* 197199 The patterning of various other residues has been
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shown to influence inter- and intramolecular interactions, with
direct implications for phase-separating systems.'2'20%201 |n
conclusion, the combination of amino acid composition and
patterning can encode chemically specific attractive and repulsive
intermolecular interactions.

While chemical specificity has been examined most
commonly in IDRs, all solvent-exposed biomacromolecule sur-
faces are subject to the same chemical rules. As such, the sur-
faces of folded domains can also engage in chemically specific
interactions. The fact that folded domains can modulate or
even dictate phase behavior is implicitly clear, given the wide-
spread use of solubility tags.’®? Indeed, the highly soluble
maltose binding protein (MBP) will often inhibit phase separation
of an adjacent domain until cleaved.''?""%2% A more nuanced
appreciation for the tunability with which the chemical specificity
of folded domain influences condensate recruitment and exclu-
sion is now beginning to emerge.

Early work on folded domain chemistry in the context of con-
densates focused on the impact of electrostatics. The surface
charge on fluorescent proteins tunes their phase behavior
in vitro and in cells.®*2°*2% More broadly, surface charge prop-
erties of folded domains can influence intra- and inter-molecular
interactions in a broad range of systems.'0%184:206-208 o
example, condensation of the RNA binding protein Pab1 de-
pends not on its hydrophobic low-complexity IDR (which tunes
its temperature dependence) but on the surface chemistry of
its RRMs.%%2%° Similarly, the folded helicase domain of Ded1p
drives condensate assembly in heat-stressed yeast, while the
flanking IDRs have modulatory roles, implying that changes to
the solvation state of folded domains could be a driver of
condensate assembly.”'%2""

In addition to charge properties, other types of protein chem-
istry will influence the phase behavior of folded domains. As a
prime example, the rates of passage through the nuclear pore
complex of GFP molecules with different surface chemistries
vary dramatically, reflecting their preferential interaction with
the FG-repeat-rich phase inside the nuclear pore.?°® Similarly,
just as arginine residues have often been identified as key
stickers in IDRs, the gain of arginine residues on folded domains
was also shown to drive higher-order assembly.’**'®* More
recently, the surface chemistry of fluorescent proteins has
been shown to enhance or suppress condensate recruitment
or exclusion of tagged proteins in a sequence-dependent
manner.%:204212.218 Again, fluorescent proteins are not special,
and the combined effect of chemical interactions driven by sol-
vent-accessible residues across the surfaces of any globular
domain will inevitably influence condensate recruitment and
exclusion.”'* The chemical composition of folded domain sur-
faces is expected to be just as crucial in determining the partition
of proteins into condensates as the IDR chemistry.

Beyond the chemical specificity of proteins (disordered or
folded), those same chemical rules can impact or determine
the partitioning of nucleic acids, small molecules, and even
ions. RNA and DNA molecules of different lengths and second-
ary structures have been shown to display distinct partition
coefficients for model condensates lacking canonical nucleic-
acid binding domains, implying differences in chemically specific
interactions with condensate interiors.2'>2'® Although this re-
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mains to be shown experimentally, nucleic acid molecules likely
display different surface charges and surface hydrophobicity de-
pending on length and conformation. Small molecules can show
preferential partitioning into condensates of different chemical
compositions, opening the door for subcellular targeting based
on complementary chemistry,*%100:181.2177220 Finally emerging
work has found that different anions and cations (including H*)
have distinct preferences for different condensates, highlighting
the potential for condensates to establish electrochemical gradi-
ents in the cell.®'-3457:221

CONDENSATE RECRUITMENT INVOLVES SITE-
SPECIFIC AND CHEMICALLY SPECIFIC INTERACTIONS

Our discussion thus far has segregated two modes of inter-
molecular interactions into two camps, comparing these two
modes. In reality, for endogenous proteins, both modes are
expected to dictate condensate recruitment and exclusion,
and the resulting hierarchy of interaction strengths, lifetimes,
and specificity play key roles in determining condensate
form and function.®%222-226

In cells, we propose that the assembly of condensates is often
initiated by site-specific interactions that locally concentrate
specific components. This process frequently involves DNA- or
RNA-binding proteins that associate with motifs located in nu-
cleic acid molecules.?*'®" Genetic and biochemical studies
have enabled the development of a simplified description for
two classes of molecules based on their importance for conden-
sate integrity: scaffolds and clients.”® Scaffolds typically
possess multiple valences, enabling them to undergo extensive
interactions that are critical for the initiation and maintenance of
condensates. In contrast, clients generally have fewer valences
and play a less central role in condensate integrity. Both scaf-
folds and clients are capable of mediating site-specific and
chemically specific interactions. However, given their essential
role in condensate formation, scaffolds are likely to rely at least
in part on site-specific interactions, while they may be dispens-
able for the recruitment of clients, where chemically specific in-
teractions may sometimes be sufficient. This does not preclude
the possibility that condensates can be initiated solely by chem-
ically specific interactions. However, such a mechanism would
necessitate a means to locally enrich these molecules to drive
condensate assembly. Once concentrated inside a condensate,
components interacting via chemically specific interactions
could generate a specific chemical microenvironment that facil-
itates further site-specific interactions. These considerations
suggest that complex feedback loops may exist between chem-
ically and site-specific interactions to aid in the assembly and
disassembly of condensates.

Chemically specific intermolecular interactions are not some-
thing proteins can “switch off.” The chemical moieties acces-
sible on the surface of proteins (either on folded domain surfaces
or across IDRs) will unavoidably have preferences in their attrac-
tive and repulsive interactions. As a result, even for proteins
where condensate recruitment depends on site-specific molec-
ular interactions, chemically specific interactions unavoidably
contribute to the overall recruitment and exclusion. This offers
the potential for exquisite and multi-modal control of condensate
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specificity; recruitment can be tuned by altering site-specific
binding and/or chemically specific interactions.?®2%728

Post-translational modifications offer one route to tune chem-
ically specificity and site-specific interactions, even within the
same protein. For example, the tight junction proteins ZO1 and
Z02 engage in site-specific interactions facilitated by canonical
protein-protein interaction domains alongside chemically spe-
cific IDR interactions, licensed through phosphorylation to
enable condensate formation.??® Similarly, TDP-43 phosphory-
lation of its N-terminal dimerization domain provides an apparent
switch,?*° while post-translational modification of its C-terminal
disordered region offers finer-tuned rheostatic control of
condensate formation.”’® In summary, identical post-transla-
tional modifications can have radically different impacts depend-
ing on what types of interactions they modify.

Chemically specific interactions mediated by IDRs can occur
intramolecularly as well as intermolecularly. While it is often
implied that condensate formation requires IDRs, in several ex-
amples for full-length proteins that form condensates in vitro,
the folded domains examined in isolation undergo aggrega-
tion.®*?®! These observations imply that these folded domains
possess an intrinsic ability to self-assemble, albeit in a manner
that appears biologically maladaptive. The presence of an IDR
here functions as a tethered lubricant, disrupting strong chemi-
cally specific folded domain interactions and likely contributing
to attractive intermolecular interactions.?®*'?*? Again, the syn-
ergy between IDRs and folded domains here implies that IDRs
may play a role in tuning the dynamics of intermolecular interac-
tions instead of dictating the energetics of phase separation.

One condition where site-specific and chemically specific inter-
actions synergize in condensate assembly is when cells are
exposed to changing environmental conditions.?**?** Cellular
stress is often associated with changes in key chemical and/or
physical parameters such as temperature, pH, ionic strength, or
water availability.?:85:2%1:235.285-238 Thjs can alter protein surface
charges and conformations, revealing new interfaces for pro-
tein-protein interactions. For instance, the partial unfolding of pro-
teins under stress conditions can trigger the emergence of hydro-
phobic surfaces and/or desolvation of proteins to promote the
assembly into condensates.®>'9?19239 | jkewise, changes in
ionic strength or pH alter protein surface charges and protein sol-
vation,®>?3" thus providing opportunities for new site-specific or
chemically specific interactions. Indeed, condensates are partic-
ularly abundant under stress conditions, and many of these con-
densates are linked to the control of gene expression, affecting
the flow of genetic information from the nucleus to the
cytosol. 23234240 This includes various RNA-containing conden-
sates associated with transcription, RNA processing, splicing, nu-
clear export, or translation. Widespread regulation of site-specific
and chemically specific interactions to achieve differential
condensate recruitment appears to be an adaptive strategy
used across the evolutionary tree to adjust gene expression pro-
grams to new environmental conditions.

As a final note, given that proteins cannot choose to turn on or
off their surface-exposed chemical moieties, it should be clear
that almost any protein will—under an “appropriate” set of solu-
tion conditions—be able to undergo self-assembly. Studies
examining phase separation of a single protein reconstituted
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in vitro (i.e., homotypic phase separation) have been instru-
mental in elucidating our modern understanding of chemical
specificity. However, it bears noting that whether the homotypic
phase is a biologically relevant phenomenon, in general, is un-
clear. More broadly, the partitioning of a biomolecule into an
in vitro condensate in isolation does not imply that this partition-
ing is biologically meaningful.®>**" Instead, it simply reflects the
fact that, given the dense and dilute phase chemical environ-
ments within an in vitro system, the biomolecule in question en-
gages more favorably with the condensate interior than the exte-
rior (formally speaking, equalizing the chemical and osmotic
potentials between the dense and dilute phase).?*°>?*? Finally,
the fact that partition coefficients are a consequence of the col-
lective interactions among all components in all phases means
that a biomacromolecule’s partition coefficient will, in reality,
be dependent on concentration, reflecting many competing in-
teractions in multiple phases.*®**® All told, this means that to
ascertain biological relevance, site-specific and chemically spe-
cific interactions underlying condensate recruitment in vitro must
be perturbed and tested in living cells, ideally quantitatively.

PRACTICAL RECOMMENDATIONS FOR INVESTIGATING
CONDENSATE SPECIFICITY

Given the complexity of the molecular rules underlying conden-
sate assembily, there is a need for guidelines and novel method-
ology to dissect the mechanisms underlying condensate
specificity. The following provides a brief practical guide for
investigating the molecular rules underlying condensate assem-
bly, although we note others have written on this topic from the
perspective of experimental practicalities. 62293241

Hypotheses surrounding the importance of site-specific molec-
ular recognition can be examined by disrupting the precise order
of amino acids that determine a binding interface. In the context of
folded domains, care should be taken that mutations here do not
disrupt or destabilize the native structure. However, single-point
mutations within binding interfaces are often well tolerated and
provide a way to investigate the molecular determinants of site-
specific interactions.?** Moreover, advances in modern protein
design enable the accurate re-design of interfaces in a struc-
ture-preserving way with relative ease.?** In the context of disor-
dered regions, locally shuffling motifs (ideally several times to
generate several different shuffle constructs) offer a route to abro-
gate site-specific intermolecular interactions with minimal impact
on chemical specificity.”®*® Alternatively, targeted point muta-
tions that remove key interface residues in SLiMs can be useful,
although such mutations may unavoidably alter chemically spe-
cific and site-specific interactions simultaneously.

Hypotheses surrounding the importance of chemically spe-
cific molecular recognition can be examined by making muta-
tions to surface-accessible residues to rewire overall chemical
interactions. For folded domains, one must ensure these
larger-scale mutations of surface residues do not alter protein
structure or oligomerization state. In this context, fluorescent
proteins are a convenient model system in that they at least pro-
vide an intrinsic control against native-state destabilization; mu-
tations that disrupt folding will be fluorescently dark. Neverthe-
less, mutations that change surface chemistry run the risk of
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driving oligomerization, which can confound interpretations.?°
For IDRs, changes in overall sequence chemistry can be
achieved through the mutation of specific amino acids. As with
folded domains, care should be taken that these changes do
not lead to substantial but unintended changes in interactions
with other components. As a concrete example, adding aromatic
residues with the objective of investigating homotypic phase
separation in cells will—unavoidably—also lead to unintended
heterotypic interaction with other cellular components.

Recent advances in computational biophysics offer convenient
tools for the rational design of folded domains and disordered
regions. For folded domains, deep learning approaches enable
the construction of similar protein scaffolds with distinct surface
residues.?*° It is worth noting that it may be tempting to make a
small number of point mutations and investigate the predicted
3D structure of the resulting sequence using AlphaFold2 or
AlphaFold3.?*” However, this will likely give a high-confidence
prediction that appears native, even if those point mutations
substantially destabilize the protein.?*® As such, we recommend
specific approaches developed for protein design instead of gen-
eral approaches developed for the de novo structure prediction of
naturally occurring proteins.?“® For disordered regions, emerging
tools to facilitate the design of IDRs with specific biophysical and
chemical properties have recently emerged. The design package
GOOSE enables the rational design of large libraries of IDR se-
quences that systematically tune chemical composition in mi-
nutes.?*® Finally, recent work has enabled the direct prediction
of chemically specific IDR-mediated interactions from sequence,
opening the door to an interpretable understanding of how IDR
sequence chemistry may tune chemical specificity. '%

CONCLUSION
While the mechanisms behind membrane-dependent cellular or-

ganization have been studied extensively over the past decades,
the molecular principles guiding the assembly of condensates
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Figure 5. Chemically specific and site-
specific interactions occur within
biomolecular condensates to underlie
condensate formation

These interactions cooperate together to deter-
mine specificity and material properties of
condensates.

have only recently come to light. Here,
we focused on the role of site-specific
and chemically specific interactions
in condensate assembly. Site-specific
condensate recruitment involves defined
interaction sites and interfaces that
allow selective interaction with compo-
nents. In contrast, chemically specific
recruitment reflects the interaction of a
protein with a unique intra-condensate
chemical environment that reflects the
properties of all components across a
condensate.
Site-specific and chemically specific interactions must work
together for proper condensate assembly (Figure 5). Conden-
sate formation often begins with site-specific interactions that
concentrate particular components locally, frequently involving
the binding of proteins to specific sequence motifs in DNA or
RNA.?2'5" Additionally, localized enzymatic processes, such
as PARylation, SUMOylation, or ubiquitylation, can trigger
condensate assembly by prompting the confined assembly
of condensates via site-specific protein-protein interac-
tions,86:151:169:249-251 Mempranes can also serve as critical sites
for condensate assembly via site-specific interactions, as
observed for membrane-bound receptor multimers or the as-
sembly of the nuclear pore selectivity filter.”®*°%25% The resulting
high local concentration of specific biomolecules with specific
chemistries creates a distinct chemical environment that
facilitates the recruitment or exclusion of further components
through site or chemically specific interactions. Conversely, the
assembly of some condensate may initially be driven by chemi-
cally specific interactions leading to local concentration of
specific components, which can then engage in site-specific
interactions.

Many questions regarding the disparate effects of chemically
specific and site-specific interactions remain to be addressed:
What is the hierarchical relationship of chemically specific versus
site-specific interactions? Is the proportion of chemically versus
site-specific interactions dependent on the foldedness of a pro-
tein or RNA molecule? Are there differences in regulatory preci-
sion? How can one define the valency of chemically specific in-
teractions, which lack clear boundaries and show context
dependence? What are the chemically specific and site-specific
interactions of other interacting biomolecules, such as RNAs,
and how do they contribute to condensate assembly? What is
the dominating mode of interaction in the cytosol, nucleoplasm,
or various locales embedded in or surrounded by membranes?
Are there physiological processes that rely more on chemically
specific versus site-specific interactions?
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Evidence suggests that condensates generate specific micro-
environments that exert chemical specificity by attracting or repel-
ling macromolecules, metabolites, and ions,?%3":8743:181,217-220
An additional layer of complexity is added by the fact that the local
condensate environment impacts which interactions may be
enhanced or suppressed. For example, changes in local dielectric
or redox state may enhance or suppress the relative importance of
electrostatic or dipole interactions, such that new modes of inter-
actions emerge only in the context of the condensate interior.
These changes could influence both chemically specific and
site-specific interactions, tuning the identity and valence of sticker
regions. Moreover, condensate microenvironments can facilitate
specific chemical reactions, such as ATP hydrolysis or redox pro-
cesses,>*26:253-255 whijle condensates may generate chemical en-
vironments tailored to regulate specific enzymatic reactions or
biophysical processes.®’?*>?°672% Thjs model could explain
why, for instance, some enzymes exhibit extreme pH optima,
with optimal enzyme activation requiring recruitment to specific
condensates. Moreover, if enzymes alter the condensate environ-
ment, then catalysis could enable changes in condensate compo-
sition and properties in a manner that depends on the extent of a
reaction.®2°6:259

The emerging viewpoint of condensates as microenviron-
ments with specific chemistries and solvent conditions provides
rich opportunities for understanding cellular enzymology and the
regulation of metabolism and signaling. It also implies that syn-
thetic condensates could, in principle, enable the construction
of genetically programmable microreactors with bespoke chem-
ical interiors for complex synthetic chemistry.>% %% While much
work is required in this space—including new tools for synthetic
condensate control, assembly, and targeting—the opportunities
for genetically programmable intracellular chemical biology are
already beginning to be realized."'25:163:260

In conclusion, condensates play crucial roles in cellular orga-
nization, affecting the distribution of a diverse array of macromol-
ecules, small molecules, and ions. The functional implications of
condensate-driven cellular organization are just beginning to be
uncovered. Dissecting the roles of site-specific and chemically
specific interactions and mapping the chemical environments
of condensates will require the development of new methodo-
logical approaches, particularly in experimental and computa-
tional biophysics. Organizing the cellular interior through con-
densates involves a complex interplay between site-specific
and chemically specific interactions. Our growing understanding
of this interplay and our increasing ability to manipulate interac-
tions now positions us to unveil the roles of condensate-depen-
dent cellular organization in a vast array of cellular processes
such as metabolism, signaling, gene expression, and stress re-
sponses.
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