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Intrinsically disordered protein regions (IDRs) — regions that do not fold into a fixed
three-dimensional structure but instead exist in a heterogeneous ensemble of conforma-
tions — have recently entered mainstream cell biology in the context of liquid–liquid
phase separation (LLPS). IDRs are frequently found to be enriched in phase-separated
compartments. Due to this observation, the presence of an IDR in a protein is frequently
assumed to be diagnostic of its ability to phase separate. In this review, we clarify the
role of IDRs in biological assembly and explore the physical principles through which
amino acids can confer the attractive molecular interactions that underlie phase separ-
ation. While some disordered regions will robustly drive phase separation, many others
will not. We emphasize that rather than ‘disorder’ driving phase separation, multivalency
drives phase separation. As such, whether or not a disordered region is capable of
driving phase separation will depend on the physical chemistry encoded within its amino
acid sequence. Consequently, an in-depth understanding of that physical chemistry is a
prerequisite to make informed inferences on how and why an IDR may be involved in
phase separation or, more generally, in protein-mediated intermolecular interactions.

Introduction
Cells face the complex task of temporal and spatial organization in a manner that must be simultan-
eously responsive to some perturbations and robust to others. This challenge is addressed through a
wide range of biological mechanisms that provide distinct and often complementary features and
properties. In the last decade, biomolecular condensates have emerged as one such mode of cellular
organization [1].
Biomolecular condensates are non-stoichiometric assemblies of biomacromolecules that assemble

through a range of different physical mechanisms and share the feature of spatially concentrating their
components [1]. Of particular interest has been the realization that many biomolecular condensates
appear to form though the phenomenon of liquid–liquid phase separation, in which one (or more)
components undergo a demixing transition to form two (or more) coexisting phases (Figure 1) [1–5].
For a ‘standard’ two-phase system, one phase (the ‘dense phase’) contains a higher concentration of
components, while the other (the ‘dilute phase’) contains a lower concentration. The topic of bio-
logical phase separation has received significant attention over the last few years and, beyond provid-
ing a mechanism for cellular (co)localization, the physics of phase separation offers a number of
conceptually convenient tools for interrogating biological function [1,2,6–13].
Early experiments designed to uncover the proteomes of biomolecular condensates noted the preva-

lence of proteins containing low complexity intrinsically disordered regions (IDRs) [14–16].
Numerous subsequent studies demonstrated that IDRs can be critical for the formation of
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biomolecular condensates [17–28]. IDRs associated with condensates could often be observed to phase separate
in vitro and compelling circumstantial connections were made to biological function. As a result, IDRs became
synonymous with phase separation in many scientific circles.
Much like in any nascent field, the early conclusions, while correct, lacked nuance. In this review, we seek to

clarify the role of IDRs in phase separation. Some IDRs actively contribute driving forces to phase separation.
Others may be passive bystanders that only contribute to the dynamics or material properties of condensates.
Determining the role of a particular IDR requires understanding that there is incredible diversity of physical
behaviours associated with intrinsic disorder. In much the same way that structure is encoded in folded pro-
teins, this diversity is encoded by the amino acid sequence.
This review is divided into four sections with the aim of providing a top-down framework connecting phase

separation to IDR sequence. The first two sections are primers for key concepts in biological phase separation
and intrinsically disordered regions. This introductory material is aimed at the reader who is familiar with
some of the cell biology associated with phase separation and IDRs, but less aware of the underlying principles
and concepts. Following this, the section Protein chemistry and phase separation is a more in-depth overview of
the physical chemistry that connects IDR amino acid sequence to assembly, phase separation or solubility.
Finally, the section Disordered regions in biological function provides a brief perspective on the biological roles
of intrinsic disorder identified to date, with the goal of demonstrating that IDRs are involved in many distinct
functions.

A primer on biological phase separation
The physical principles that underlie phase transitions in biology have been discussed extensively over the last
few years [9,10,16,29–32]. Similarly, the practical and functional aspects of measuring and understanding phase
separation have also been heavily discussed [1,2,5,10,33]. To avoid repetition of these concepts, we will focus
on three key ideas of relevance for thinking about the sequence-determinants of phase separation.
Firstly, the key physical determinant underlying the ability of any molecule to phase separate (IDR or other-

wise) is multivalency. Multivalency reflects the number of distinct components a single species can

Figure 1. Schematic phase diagram.

Phase diagrams map a two-dimensional space, here temperature and protein concentration, and report on the state of the

system if initialized at a given locus on that temperature/concentration plane. Points marked 1 and 2 reflect distinct loci in the

one-phase and two-phase regimes, respectively. In the one-phase regime a single homogenous solution exists, where the

solution concentration equals the total concentration. The two-phase regime represents a region of concentration/temperature

space which is inaccessible to the system, but instead results in demixing. Upon demixing, the concentration of protein inside

the dense droplet phase matches the concentration at which the tie line intersects with the phase boundary (the binodal) on

the high concentration arm (right side), while the concentration around the droplet matches the equivalent concentration where

the tie-line coincides with the phase boundary on the dilute arm (left side). Note that tie-lines are horizontal and straight for a

simple model system in the concentration/temperature plane, but are not necessarily horizontal nor straight when other control

variables are involved (salt, pH, small-molecules).
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simultaneously interact with. The more simultaneous interactions a molecule can support, the more multivalent
it is. A molecule with a valence of one can only dimerize (Figure 2a). A molecule with a valence of two cannot
undergo liquid–liquid phase separation, but instead may polymerize in a cooperative or non-cooperative
manner, depending on the molecular details of assembly (Figure 2b) [35,36]. However, a molecule with a
valence of three or higher can form network spanning interactions that can drive cooperative assembly
(Figure 2c) [29,34,37–39]. Of note, these architectures are hierarchical — a molecule with a primary valence of
two might form polymers which then contain many, weaker, interaction motifs, such that phase separation is
dependent on an initial polymerization [39–42].
Umbrellaed under the principle of multivalency are three specific physical parameters: (1) The number of

sites that mediate attractive interactions and determine the overall molecular valence, (2) the strength of each
individual binding site, and (3) the relative positions of those sites. These three parameters are captured well by
the stickers-and-spacers model, a physical framework for describing how biomolecules undergo phase separ-
ation based on foundational work on associative polymers by Seminov and Rubenstein [29,43–46]. When the
number, strength, and position of each sticker is sufficiently well-defined, the stickers-and-spacers model offers
quantitative and predictive insight into the phase behaviour of biomolecules [9,43,47–49].
Secondly, phase separation can be driven by homotypic or heterotypic interactions. Homotypic interactions

are those where a molecule interacts in trans with molecules of the same type (Figure 3A). Heterotypic

Figure 2. Schematic representations of multivalent molecules.

The black trace represents non-interacting molecular regions, while the red ‘beads’ are attractive sites that contribute to

valence. This representation is schematically analogous to the stickers-and-spacers model [9,29]. (a) Monovalent molecules

can form obligate dimers but no other types of higher-order species are possible. (b) Divalent molecules can form linear

assemblies of arbitrary size (dimer up to long polymers, referred to here as N-mers), but are unable to network. (c) Trivalent (or

higher valence) species can in principle form N-mers or polymers, but will tend to instead drive networked assemblies. This

can include driving phase separation, but can also include non-phase separated gelation — see Harmon et al. [34] for a more

detailed discussion.
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interaction refers to the case in which a molecule interacts in trans with molecules of a different type
(Figure 3B). Molecules will engage in both homotypic and heterotypic interactions to varying extents.
Understanding which of the two is the dominant driver of self-assembly is important for understanding how
the amino acid sequence will dictate phase separation.
Homotypic interactions are of particular importance from the perspective of sequence-based predictions of

phase behaviour. Recent work has shown that, due to their flexible nature, there exists an equivalence between
intra- and inter-molecular interactions in disordered proteins, mirroring established insights in polymer chem-
istry [9,50–56]. The sequence determinants of IDR conformations have been the subject of many studies for
the past several decades. Given the presumed equivalence of inter- and intramolecular interactions, information
gleaned from the study of single proteins can yield information into the nature of intermolecular interactions
in the context of homotypic interactions. In vitro reconstitution of a single protein will — by fiat — probe
homotypic interactions. The biological relevance of in vitro insights can be assayed by probing cellular pheno-
types when intelligently designed protein variants that eliminate or strengthen interactions are introduced.
Even in this context, it is not necessarily homotypic interactions that are essential as interaction motifs in IDRs
are assumed to be redundant across many proteins. The salient point is that, by carefully synthesizing physical
chemistry and cell biology, adhesive interactions that are identified in vitro can be mapped to in vivo systems
even when the test tube conditions are physiologically unrealistic [7,43,57,58].
Thirdly, we emphasize that the physical chemistry that underlies the interactions that drive phase separation

are solution dependent. There are many examples of proteins that undergo phase separation at only low or
high temperature, or low or high salt [17,20,59–62]. Similarly, the application of crowders, 1,6-hexanediol,
ATP, and other small molecules can enhance or suppress phase separation through a range of complex behav-
iour that go beyond the scope of this review [63–65]. The impact of co-solutes can be complex and non-
monotonic, but is not uninterpretable.
Given that the solution conditions play an important role in dictating phase behaviour, we emphasize they

should not be treated as a collection of free parameters to be tuned arbitrarily until droplets emerge. The corol-
lary is that even under non-physiological solution conditions biologically relevant behaviour can be uncovered.
For example, sensitivity to salt — often at well beyond physiological concentrations — is often placed alongside
FRAP (Fluorescence Recovery After Photobleaching) and droplet fusion in the toolbox used to diagnose
liquid–liquid phase separation. While sensitivity to salt on its own is uninformative, placing these assays into
the context of how salt modulates the strength of electrostatic interactions (at low salt concentrations) or hydro-
phobic interactions (at high salt concentrations) can provide insight into the physical chemistry that drives
phase separation [62,66].
To assess the ability of a protein to undergo phase separation without constraint on the solution conditions

is akin to asking if a protein is disordered without constraint on the solution conditions. We would not

(a)

(b)

Figure 3. Schematic representations of (a) homotypic and (b) heterotypic interactions.

Homotypic phase separation refers to the scenario in which assembly is driven by a single type of protein (i.e. self-assembly).

Heterotypic interactions involve the scenario in which two (or more) proteins of different types interact together in a multivalent

manner to form a dense phase in which all the different protein components co-exist.
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conclude that lysozyme is a disordered protein because it unfolds in 8 M urea [67]. On the contrary, the con-
centration of denaturant required to unfold lysozyme directly reports on the stability of the folded structure. As
such, 8 M urea can be used to understand protein structure and function even if 8 M urea is an entirely abiotic
solution environment. Similarly, carefully designed perturbations of solution conditions that cause or suppress
phase separation offer a window into the underlying interactions available to a protein of interest, and can
provide critical information that can be extrapolated to make biologically relevant inference.
While IDRs are by no means necessary for biological phase separation, they do offer a convenient molecular

scaffold upon which many binding motifs can be distributed. IDRs have long been known to function as multi-
valent binders, although the extrapolation of this observation to phase separation is a more recent occurrence
[68–72]. To better understand how and why IDRs do (or do not) drive phase separation, we next offer a brief
primer on IDRs.

A primer on intrinsically disordered regions
Classically, protein conformation has been viewed through the lens of protein higher-order structure and how
these structures confer function. Folded proteins are defined by the presence of a native state — a low-energy
conformation that typifies the standard configuration of the amino acids in the protein relative to one another,
or the structure. For a folded protein with a known native state we can predict — with fairly high confidence
— what the distance between any pair of atoms will be at a given moment. The forces that drive protein
folding are a complex interplay of attractive and repulsive interactions between backbone and side-chain chem-
ical moieties. These chemical groups interact in a cooperative manner to overcome the loss of conformational
entropy in the protein backbone that occurs upon folding, coupled to the solvation/desolvation energies for
exposed or buried amino acids.
In contrast, IDRs lack a native state and instead experience large-scale conformational rearrangements

(Figure 4). As a result, IDRs are best described in terms of a conformational ensemble, where this ‘ensemble’
simply reflects a large collection of distinct structures. It is important to remember that folded proteins also
exist as dynamic and heterogeneous ensembles [73,74]. The key difference between folded and disordered pro-
teins reflects the amplitude of conformational fluctuations. For folded proteins, these fluctuations tend to be
much smaller and center around a single native state [75]. While it is tempting and convenient to apply a
binary classification to protein regions (as we have just done), in reality all proteins exist somewhere along a
continuum of structural heterogeneity [76]. Hyper-stable folded domains exist at one extreme, while fully flex-
ible IDRs with almost no sequence-specific conformational preferences exist at the other. The vast majority of
proteins fall somewhere in the middle, where the extent of structural heterogeneity depends on the underlying
amino acid sequence [77–79].

Figure 4. Disordered proteins are conformationally heterogeneous.

Conformations taken from a simulation of the N-terminal IDR from p53. Conformations are aligned on the central 6 residues as

an arbitrarily chosen reference frame.
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Given an understanding of the forces that drive protein folding, the amino acid sequence features that
promote disorder can be inferred as those that (1) favour solvation (polar and charged residues), (2) create
intra-chain repulsion (polyelectrolytes), (3) create steric barriers to persistent tracts of secondary structure (the
amino acids proline and glycine disrupts helices and beta sheets) [80–83]. Indeed, pioneering work in the field
led by Vladimir Uversky characterized proteins based on net charge and hydropathy and found that protein
disorder is correlated with both high net charge and low hydropathy [84]. The essential concepts can be sum-
marized as: folding is promoted by a combination of attractive interactions and a drive to minimize the free
energy of solvation whereas disorder is driven by maximizing conformational entropy, repulsive intrachain
interactions, and steric frustration of secondary structure formation.
The fundamental principles that determine protein disorder appear to be in conflict with the formation of

higher order assembly and phase separation. Indeed, many features that prevent folding will lead to highly
soluble, monodisperse protein solutions. These types of IDRs are often characterized by high net charge result-
ing in unfavourable electrostatic interactions and low hydrophobicity — the original sequence bias uncovered
by Uversky and co-workers [84]. However, the reality of the disordered proteome is more nuanced, and work
by various groups has established that both the net charge of an IDR and fraction of charged residues plays a
key role in dictating it’s global dimensions [85–87]. Subsequently, seminal work by Das and Pappu identified
that the patterning of charged residues can dictate the conformational behaviour of some IDRs [88–92]. Both
net charge and charge patterning have emerged as key features that dictate protein–protein interactions in the
context of phase separation [17,22,55,93–97].
Das and Pappu realized that a large set of IDRs exist in a crossover region on the diagram of states (region

R2 in Figure 5) [89]. Sequences in this region are characterized by moderate fractions of both positively and
negatively charged residues. The conformational properties of sequences taken from R2 are therefore context
dependent, and are determined via the patterning of amino acids and/or the environmental conditions such as
solvent or temperature. It is this exact property — the context dependence of attractive interactions — that is
central to phase transitions mediated by IDRs.
The preceding two sections have introduced two key ideas. Firstly, phase separation of proteins depends on

multivalency, which is in turn encoded by amino acid sequence. Secondly, the conformational ensemble of a
disordered protein is governed by its sequence. With these two factors in mind, we can take advantage of the
many decades spent understanding the physical chemistry that is relevant for conformational behaviour in dis-
ordered proteins and use those same insights to make inferences regarding how we might expect IDRs to
undergo self-assembly. Chemistry is chemistry — the same modes of interactions that are attractive or repulsive
in cis are attractive or repulsive in trans [9,53,55,89]. As a result, our final section covers the physical chemistry

Figure 5. Diagram of states as originally proposed by Das and Pappu [89].

The x-axis and y-axis reflect the fraction of positively and negatively charged residues within an IDR, respectively. Sequences

strongly enriched in either type of charged residues fall into R4 and R5, the strong polyelectrolyte regimes. Sequences with

high fractions of both correspond to strong polyampholytes (R3). Those with intermediate levels of charged residues fall into

R2 and those depleted in charged residues fall on R1. The analysis of an arbitrary sequence in terms of its position on the

diagram of states can be calculated using the CIDER webserver [90] (http://pappulab.wustl.edu/CIDER/analysis/).
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encoded by disordered proteins and how this relates to their ability (or lack thereof) to mediate phase
separation.

Protein chemistry and phase separation
Proteins are linear polymers of amino acids and their chemical properties are determined by the collective
interactions of the set of available sidechains and the peptide backbone. In this section, we will decompose the
chemical properties that can be encoded by proteins with particular attention to how those properties might
contribute to attractive or repulsive interactions in the context of phase separation.

Protein backbone
The basic structure of an amino acid consists of a carboxylic acid and a primary amine linked through an
alpha carbon atom (Figure 6A). The unique chemistry of individual amino acids is conferred by 19 distinct
side chains that attach to the alpha carbon (glycine lacks a side chain). Amino acids are classified by the

Figure 6. Chemical structure of amino acid backbone and sidechains.

(a) Peptide backbone structure with two peptide units highlighted. The ‘R’ group reflects the side chains outlined in panel (a).

Dihedral angles are annotated around the backbone. (b) Schematic representations of the twenty naturally occurring amino

acids with charge and aromaticity highlighted in blue/red and yellow, respectively. Hydrogen atoms are not shown in structural

representations. Residues are subdivided into common functional groups.
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fundamental properties of the side chains as charged (positive or negative), polar, or hydrophobic (aliphatic or
aromatic). While these categories are useful on a coarse-grained level, within each subgroup exist special cases
and idiosyncrasies which are essential to encoding the structural and functional diversity found across the
proteome. Unsurprisingly, these same features contribute to modulation of higher order protein self-assembly
and phase separation. The specifics of amino acid identity will be discussed within the context of protein
assembly in the following sections.
While amino acid side chains confer chemical heterogeneity, the polypeptide backbone is central to protein

physical chemistry. The polypeptide backbone provides hydrogen bond donors and acceptors in carbonyl
oxygen and amide protons, respectively. Furthermore, three backbone dihedral angles (ω, w, and ψ) dictate the
intrinsic flexibility of the backbone, where each possesses a restricted range of values, as characterized by
Ramachandran [98]. Despite rotational restriction at the dihedral angles, the backbone persistence length (a
parameter related to how flexible a polymer is) is on the order of 1–2 amino acids [99–103]. The backbone can
thus be considered a flexible, polar homopolymer.

Protein hydrophobicity
Hydrophobic amino acid side chains can be subdivided into two categories: aliphatic (leucine, isoleucine,
valine, alanine and possibly methionine) and aromatic (phenylalanine, tyrosine and tryptophan) (Figure 6b)
denoting the presence of linear chains or ring structures, respectively. The aliphatic amino acids are distin-
guished by their size and the arrangement of the aliphatic carbon atoms. All aromatic amino acids are defined
by their conjugated π orbitals, but the unique arrangement of atoms confer different properties. The indole side
chain of tryptophan is the bulkiest, while phenylalanine and tyrosine have similar benzyl side chains with tyro-
sine containing an additional hydroxyl group. The presence of the polar hydroxyl group in tyrosine facilitates
hydrogen bonding; consequently, it is the least hydrophobic aromatic amino acid, based on the Kyte–Doolittle
scale [104]. Methionine, in its native state, can be considered an aliphatic amino acid, and work on P-domain
from the RNA binding protein Pab1 has shown a chemical equivalence with other aliphatic groups [7].
However, the side chain contains an oxidizable sulfur atom and the resulting sulfoxide or sulfone group can
dramatically change the chemical nature of methionine — a reaction that has been demonstrated to impact
phase separation of methionine rich IDRs [105].
Hydrophobicity is correlated with entropically driven LCST (lower critical solution temperature) phase tran-

sitions. In LCST phase transitions, a two-phase regime is reached as the solution temperature is increased, in
contrast with upper critical solution temperature (UCST) phase transitions (Figure 7) [60]. The bulky, apolar,
side chains of hydrophobic amino acids cannot favourably interact with water and thus their solvation requires
an ordered hydration shell with minimal enthalpic benefit. The transfer energy of moving a hydrophobic group
into water (solvation energy) scales with the solvent accessible surface area therefore larger aliphatic side chains
are more hydrophobic [106]. The entropic cost of confining water increases with temperature, favouring the
self-association of hydrophobic side chains at a higher temperature to minimize their solvent-accessible surface
area, driving temperature-dependent assembly.

(a) (b)

Figure 7. Phase diagrams for systems that display upper critical solution temperature (UCST) phase behaviour and

lower critical solution temperature (UCST) phase behaviour.

(a) For proteins that undergo UCST behaviour, phase separation is suppressed at higher temperature. (b) For proteins that

undergo LCST behaviour, phase separation is suppressed at lower temperatures. Note that in fact a single polypeptide can

possess both UCST and LCST behaviour, showing either a ‘closed loop’ phase diagram or an ‘hourglass’ phase diagram [60].
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The role of hydrophobicity in self-assembly has been extensively studied in the context of elastin-like pep-
tides (ELPs) [107–111]. ELPs are a class of synthetic proteins based around the amino acid repeat
Val-Pro-Gly-Xaa-Gly that was originally identified in tropoelastin [112]. The LCST can be shifted to higher or
lower temperature by varying the hydrophobicity of the ‘guest’ residue (Xaa). Pioneering work by Dan Urry
shows a clear correlation between the solvation energy of the guest residue and the LCST [113]. Aromatic
amino acids have the largest impact as a guest residue, but tyrosine shifts the LCST further than phenylalanine
foiling predictions based on hydrophobicity alone and suggests unique chemistry conferred by the hydroxyl
group. Furthermore, the determinants of UCST vs. LCST have been explored systematically and extensively in a
large body of work from the Chilkoti group [58,114–117].
Hydrophobicity is an important parameter that has been experimentally characterized in several IDRs that

undergo phase separation. Hydrophobicity was originally explored in the context of phenylalanine-glycine (FG)
repeat regions from nuclear pore proteins, in key work by Schmidt and Gorlich based on decades of work on
FG-hydrogels [57,118–121]. Subsequently, the impact of different hydrophobic residues has been explored in
the context of the P-domain in the RNA binding protein Pab1, where a direct relationship between
sequence-encoded hydrophobicity and the temperature for Pab1 assembly in vivo and in vitro was determined
[7]. Hydrophobicity also appears to play a key role in the phase separation of Ubqln2, and extensive work
exploring the molecular details here has uncovered a complex picture of how hydrophobicity contributes to
interactions [47,59]. Hydrophobicity even makes a modest but significant contribution to assembly of the
highly charged nephrin intracellular domain (NICD) [93]. The patterning of hydrophobicity (driven by both
aromatic residues and aliphatic residues) has been shown as a conserved feature key for phase separation in the
low-complexity domain of the protein TDP-43, and hydrophobicity patterning has been explored as a possible
determinant of protein conformation [122–124]. More recently hydrophobic interactions between sp2 hybri-
dized carbon atoms in the FUS low complexity were identified, based on their sensitivity to different ions as
interpreted by the Hofmeister series, an explanation that had also been proposed in previous work [20,125].
It is worth noting that under some scenarios aromatic residues appear to contribute primarily through their

hydrophobicity, while in other systems the replacement of aromatics with equivalently hydrophobic residues
fails to recapitulate wild-type behaviour [7,122,126,127]. These differences likely reflect the existence of a net
quadrupole moment in aromatic ring structures and aromatic-rich IDRs can leverage cooperative quadrupole-
mediated aromatic–aromatic interactions in addition to conventional hydrophobicity. The chemical complex-
ities of aromatic residues are discussed later.
One curious residue that is prevalent in disordered proteins and is often considered hydrophobic is proline

[128]. Contrary to popular misconception, proline is arguably the most soluble amino acid, and hydrophobicity-
depleted proline-rich disordered regions have been repeatedly shown to be highly soluble and highly expanded
[129–133]. While highly soluble, proline-rich regions can mediate intermolecular interaction by interacting with
specific binding partners. For example, proline-rich motifs can bind WW and SH3 domains, an interaction that
has been leveraged for synthetic systems where multivalency can be directly encoded [126,134–138]. With appro-
priate binding partners, proline-rich regions can play key roles in higher-order assembly [139–142]. Despite the
dearth of experimental results that would implicate proline in phase separating IDRs, proline does have features
that suggest it could drive phase separation. The proline ring restricts degrees of freedom around the ɸ dihedral
angle, which may lead to a reduction in conformational entropy and decrease the entropic cost of phase separation.
Proline can also form favourable stacking interactions with aromatic systems [143–146]. These features suggest that
proline density might be an as yet unexplored sequence feature in the context of biological phase separation.

Protein charge
Nearly all noncovalent interactions between amino acids can be decomposed into component electrostatic
interactions. The distribution of protons and electrons along the protein backbone and side chains is non-
uniform. Different groupings of charge can be described as monopoles, dipoles and quadrupoles (Figure 8)
which all uniquely contribute attractive and repulsive interactions. In the following paragraphs, we will outline
how electrostatic interactions can contribute to phase separation or solubility and discuss details of how these
interactions arise in IDRs.

Monopoles
The most intuitive charge interactions are those between amino acid side chains carrying a net charge, mono-
poles (Figure 8). Residues with a net charge at pH 7.0 (assuming ideal pKa values) are aspartic acid, glutamic
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acid, lysine, and arginine. Interactions between two oppositely charged monopoles have a r−1 distance depend-
ence. Monopole interactions are generally considered long range, but this potential is attenuated by both the
dielectric of water and screening by counterions (often described as ionic strength) [147–149]. Monopole inter-
actions thus have the potential to provide strong attractive (or repulsive) forces between side chains in IDRs,
but are also sensitive to their environment. Stabilizing phase separated systems through monopole interactions
is complicated by the favourable solvation energy of charged amino acid side chains [150]. Additionally, repul-
sion between like charge monopoles will enhance solubility, and, as such, polyelectrolytes are typically highly
soluble in the absence of multivalent counterions that may drive chain condensation [151–154]. Consequently,
the presence of charged residues may enhance or suppress phase separation, depending on the interplay
between oppositely charged residues, the solubilizing effect of charged residues, and the conformational
entropy gained/lost upon interaction.
Work by Das and Pappu determined that an IDR composed of equal numbers of oppositely charged amino

acids will be expanded if the positively charged and negatively charged groups are well mixed with respect to
one another [89]. In contrast, single-chain collapse will occur if those same charged-groups are segregated into
discrete blocks. Complementary blocks of positive and negative charge along an IDR can co-operate to generate
higher affinity interactions and well mixed charges will prefer to be solvated. Additionally, increases in the local
net electric field due to patches of charge will result in a non-random distribution of counterions. By collapsing
oppositely charged patches together, a reduction in conformational entropy of a molecule can be compensated
for by an increase in counterion translational entropy by ion release [155,156]. As such, persistent charge–
charge interactions are entropically driven by counterion release, as is well established in context of protein–
nucleic acid interactions [151,157–162].
Charge patterning has proven to be an important parameter in determining the phase behaviour of IDRs.

Early studies by Nott and co-workers identified charge patterning of DDX4 as a critical factor in its phase sep-
aration [17]. Similar principles have been applied to modulate the phase behaviour for charge shuffled variants
of Laf1 [163]. The entropy of ion-release was directly computed and shown to match predictions in synthetic-
ally designed patterned sequences in important work by Sing and Perry [156,164]. These experimental results

Figure 8. Schematic representation of monopoles, dipoles and quadrupoles.

Multipole expansion is used to describe the arrangement of positive and negative charge in space. If the charge density can be

described by a point charge it is a monopole such as in the lysine side chain. Opposite charge separated by a defined

distance is a dipole. An example of which is the hydroxyl group found in tyrosine, serine and threonine side chains. A

quadrupole arises when two dipoles are arranged such that they cancel. This charge arrangement is found in the side chains

of aromatic amino acids.
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have strong theoretical grounding. Extensive computational modelling and analytic theory of model charged
proteins has demonstrated a clear correlation between the shape of the phase boundary and the extent to which
charges are mixed [32,55,94,165,166].
The impact of charge interactions can extend beyond single IDRs engaging in homotypic interaction. For

systems that undergo heterotypic interactions, two polyelectrolyte species which, in isolation may be highly
soluble, can engage in complex coacervation and undergo robust self-assembly [167–172]. Work by Pak et al.
[93] identified charge clustered and block charge variants of NICD as enhancing phase separation when com-
bined in solution with oppositely charged green fluorescent protein. More generally, complex coacervation of
protein-only and protein:nucleic acid systems have been studied extensively in recent years, and reflects a
process likely critical to assembly in the cellular context [22,65,103,173–178].
In addition to the standard amino acids that possess a net charge, post-translational modifications can

modulate the charge on other side chains; phosphorylation of serine, threonine and tyrosine can add negative
charge, while acetylation or ubiquitination of lysine can remove a positive charge. It is worth noting that argin-
ine methylation does not neutralize the net positive charge.
While the negatively charged aspartic and glutamic acid are only distinguished from one another by a single

methylene group along the side chain (Figure 4a), lysine and arginine are significantly different. The positive
charge in lysine is localized to a primary amine at the end of a four-carbon aliphatic chain whereas the positive
charge in arginine is delocalized over a planar guanidinium group. The intrinsic pKa of the arginine side chain
is substantially higher than lysine (13.8 versus 10.4), to an extent that protein degradation may happen before
arginine deprotonation occurs [179,180]. Consequently, lysine is more prone to be deprotonated, and it is more
context sensitive [180,181]. Similarly, while glutamic and aspartic acid have reference pKa values of 4.2 and 3.8,
respectively, local charge effects can lead to shifts in those pKa values [8,181,182]. As a result, the range over
which pH may be expected to modulate the charge state of aspartic acid, glutamic acid and lysine is potentially
well within the physiological range experienced by cells, implicating pH sensitivity as a control mechanism for
phase separation [8,182–186].
In nearly every study focussed on the sequence determinants of IDR phase separation, arginine and lysine

are not interchangeable [43,96,163,177,178,187–189]. Notable exceptions to this observation appear to be when
the interactions are solely electrostatic in nature [190]. Arginine tends to increase the propensity to phase separ-
ate relative to lysine. Despite this observation being made in multiple systems, a unified explanation has not yet
emerged. The structural differences between lysine and arginine suggest a number of clues. Due to the delocal-
ization of the positive charge, arginine is capable of forming simultaneous hydrogen bonds with multiple
acceptors, including evidence of arginine–arginine interaction [191,192]. The planar structure of the guanidi-
nium group could provide a favourable geometry for interaction with aromatic ring quadrupoles (as discussed
later), and lysine lacks a delocalized pi-electron system [193–195]. The conjugated π system can form favourable
stacking interactions which have been predicted to drive phase separation [195]. The high pKa resists deproto-
nation and often is coupled to counterions such as phosphate and could form bridges with other cations, and
high-affinity arginine–phosphate interactions are well established [196,197]. Simply put, arginine is far more
versatile than lysine.
Histidine can also participate in monopole interactions. The imidazole side chain has a pKa of 6–7 depend-

ing on the local chemical environment [198]. As a result, small shifts in pH at around physiological values can
cause histidine to flip between a positively charged amino acid and an uncharged (heterocyclic) aromatic
amino acid. This property has implicated histidine as a candidate for triggering phase separation in response to
shifts in pH [199].

Dipoles
Dipoles are chemical groups in which the charge distribution can be described by two opposite charges sepa-
rated by a fixed distance (Figure 8). Dipoles can arise as the sum of partial charges over many atoms (α-helices
have dipole moments) or can simply be two bonded atoms. The distance dependence is r−2 for a monopole–
dipole interaction and is r−3 for a dipole–dipole interaction. If dipoles freely rotate, and they are unlikely to be
fixed in dynamic IDRs, the distance dependence is reduced by r−2. Thus, dipole interactions are generally con-
sidered to be short range and relatively weak. However, interactions between dipoles are remarkably common
in proteins and their additive effects can be substantial. The prototypical dipole–dipole interaction in proteins,
the hydrogen bond, only has an energy of a few kBT, yet the frequency of hydrogen bonds makes them critical
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for stabilizing protein structure [200]. For example, backbone hydrogen bonding is enough to stabilize alpha-
helical structures in poly-alanine [201].
In addition to the polypeptide backbone and charged side chain groups, polar side chains can participate in

dipole interactions. Polar amino acids can be distinguished by size and polar group (Figure 6a). Serine and
threonine each have a polar hydroxyl group attached to the β-carbon. Threonine is slightly bulkier and contains
an additional methyl group attached at the β-carbon. Glutamine and Asparagine each have a carboxyamine
polar group and are distinguished by having three and two carbon chains, respectively prior to the polar group.
Glycine is a special case and lacks a side chain. It can be considered polar given the polar nature of the peptide
backbone and its small size reduces steric restrictions on backbone dihedral angles increasing degrees of
freedom. Given bulky amino acids have been proposed to strongly favour protein folding through an excluded
volume effect, a necessary corollary is that small polar residues associated with prion-like domains domains
may prevent folding even in the presence of aromatic amino acids which would normally be expected to fall in
the core of folded proteins [202,203].
Hydrogen bonding is often implicated as a mechanism of phase separation of IDRs but has only been spar-

ingly addressed directly experimentally. NMR studies the IDRs from FUS and DDX4 both implicate hydrogen
bonding based upon NOEs found between polar moieties in protein dense phases [125,187]. Recent work on
the repeat domain of the melanosomal protein Pmel17 suggests that extensive hydrogen bonding networks are
responsible for a characteristic charge transfer fluorescence signal and stabilize the dense phase [186].
Hydrogen bonding has also been suggested to stabilize the dense phases of ELPs [204,205].
Polyglutamine undergoes robust self-association, driving single-chain collapse and multi-chain assembly,

forming a variety of species from sized capped oligomers to amyloid fibrils to liquid droplets [206–209]. It was
in early work by Pappu and Crick on polyglutamine in which many of the now general principles associated
with IDR-mediated phase separation were first discussed [210]. Polyasparagine is also known to undergo self-
assembly to form fibrils, although interestingly, despite differing only in a single side chain methylene group,
the assembly behaviour of polyglutamine and polyasparagine are distinct [209,211,212]. The presence of
asparagine and glutamine in IDRs is expected to contribute attractive dipole interactions, although given both
can form amyloid fibrils, and both are found within amyloid cores, there is likely a complex energy landscape
associated with distinct modes of assembly [213].
Intriguingly, hydrogen bonding is not the only type of polar interaction mediated by proteins. For suffi-

ciently long polyglycine stretches, a dipole-mediated collapse leads to chain compaction [214–217]. Given the
equivalence of intra- and inter- molecular interaction (see previous discussion) one might also expect
polyglycine-mediated phase separation to occur, as has been explored computationally [218]. However, an
interesting observation by Wang et al. indicates that modulating the polar amino acids in phase separating pro-
teins could have a minimal effect on the driving forces for phase separation, but change the properties of the
resulting dense phases. This would suggest that phase separation is driven by stronger interactions, but that
weak, short range, dipole interactions stabilize dense phases similar to observations in ELPs [43].

Quadrupoles
Quadrupoles consist of a charge density distribution that can be represented by the placement of opposite
charges at the four corners of a square such that any dipole moment cancels (Figure 8). The distance depend-
ence of a monopole–quadrupole interaction is r−3 (assuming a fixed quadrupole). This is similar to dipole–
dipole interactions like hydrogen bonds. However, chemical moieties in proteins that contain a significant
quadrupole moment are not as prevalent and are largely limited to the conjugated ring structures of aromatic
amino acids [219] and the conjugated π system on the guanidinium group on the arginine side chain [220].
Interactions between quadrupoles and ions appear frequently in folded proteins and offer an energetically
favourable structure to bury a charged group within the hydrophobic protein interior [221].
Despite predictions that cation–π interactions are weak and short ranged, this mode of interaction appears

important in many protein phase separating systems. A potential reason for this was suggested by Dougherty;
the quadrupole–ion interaction appears to be a poor model for interactions between ion and aromatic ring
systems [220]. In aromatic-ion complexes, the ion can be very close, in Van der Waals contact, with the aro-
matic ring. Additionally, Dougherty asserts that the distance dependence is much shallower than r−3 and is
more in line with monopole interactions [222]. Finally, the hydrophobicity of aromatic rings is such that the
energetic cost of desolvation is relatively low, contributing to favourable interaction where desolvation is
required [223].
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Quadrupoles emerged as a key type of interaction for IDR phase separation through work by Kato et al. in
which di-peptide motifs including tyrosine and a small polar amino acid were shown to be essential for assem-
bly of protein low complexity domains (LCDs) into hydrogels [14,15]. Nott and co-workers subsequently iden-
tified that fluorination of phenylalanine (which reduces the magnitude of the quadrupole) or methylation of
arginine both destabilized DDX4 dense phases and it was inferred that these residues participated in cation–π
interactions [17,187]. Arginine methylation has been found in many cases to modulate the propensity of IDRs
to mediate phase separation [189,224,225]. In adhesive mussel foot proteins, cation–π interactions have been
directly identified by Raman spectroscopy and are critical for phase separation in the high salt, seawater, envir-
onment [192]. Such conclusions have been continually supported by mutational studies showing the import-
ance of both arginine and aromatic amino acids [43].
Aromatic amino acids can participate in so-called ‘π stacking’ or π–π interactions [226,227]. These types of

attractive interactions are also a function of the quadrupole moment. The negative charge on the aromatic ring
face is accompanied by positive charge along the central axis (Figure 8). Aromatic rings can form favourable
electrostatic interactions by either orienting two aromatic rings perpendicular to each other or by offsetting the
two rings. In both cases, regions of positive charge align with regions of negative charge. Despite the strict
orientational restrictions and the fact that the electric field of a quadrupole has a r−4 distance dependence,
these interactions are important in IDR phase separation. NMR studies of hnRNPA1 in the dilute phase have
shown direct evidence of contact between phenylalanine and tyrosine side chains that strengthens as tempera-
ture is decreased in line with its UCST phase transition [9]. Simulations done in parallel revealed a dense, dis-
tributed network of interactions between aromatic side chains. NMR studies of DDX4 and FUS dense phases
also show interactions mediated by aromatic residues [125,187]. Furthermore, various studies have employed
sequence analysis and/or rational mutagenesis to reveal that the presence of aromatic residues as a likely or
empirically measured determinant of phase behaviour [14,15,17–19,43,122,228–237]. Furthermore, aromatic
residues will interact favourably with nucleobases, providing intrinsic RNA or DNA binding even in the
absence of canonical folded nucleic-acid binding domains. Aromatic residues are perhaps the most universally
important residue type for IDR phase separation. The most parsimonious explanation is that aromatic side
chains are capable of participating in a variety of enthalpically favourable interactions while simultaneously
contributing a net entropy gain as a result of desolvation — thus aromatic interactions are ideal for driving a
transition from soluble to a condensed phase.
In summary — there exists a wide variety of physical chemistry encoded by IDRs that can drive phase separ-

ation via many different physical mechanisms. While much attention is given to understanding what sequence
features drive phase separation, the reciprocal question is also worth considering; given the high protein con-
centration in a cell, what prevents all IDR-containing proteins from undergoing phase separation? To context-
ualize this question we will briefly consider some of the biological functions of IDRs that are not
phase-separation associated.

Disordered regions in biological function
While IDRs can promote self-assembly, they also play many roles outside of this context. In fact, many of the
biophysical techniques used to characterize disordered proteins — notably nuclear magnetic resonance (NMR)
and small-angle X-ray scattering (SAXS) — have historically required highly concentrated samples, such that
many of the disordered proteins studied necessarily do not undergo phase separation in vitro. IDRs have also
been added as solubilizing tags to protein for expression and purification purposes [238]. In short, the expect-
ation that IDRs should phase separate is counter to decades of work in which IDR-containing proteins that did
not phase separate were explicitly studied.
What kinds of functions do disordered regions confer upon proteins? The most common are functions in

which molecular recognition is involved [69,239–242]. The plastic nature of IDRs makes them well suited for
binding a variety of partners via partly or entirely overlapping binding interfaces. The ability to pack many
binding sites into a single region allows a single IDR to interact with many different partners. These interac-
tions can be mutually exclusive or simultaneous, providing a mechanism for temporal regulation through com-
petition or coassembly of client molecules [243].
A statistical analysis of proteins enriched for disordered regions based on associated molecular processes

identifies ‘regulation’ as the key feature associated with many of the biological processes enriched
(Supplementary Table S1) [244]. In particular, IDR-mediated regulation is found to dictate many different
aspects of nucleic acid biology, from gene expression to genome organization to post-transcriptional RNA
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processing. The molecular details that underlie function in IDRs are varied, but in many cases detailed molecu-
lar mechanisms have been uncovered in which phase separation plays no role. These include complex regula-
tory mechanisms for binding, tuning enzymatic activity through entropy, cold adaptation, adaptive enzyme
inhibition, and high-affinity molecular recognition, amongst many examples [245–249]. In contrast, a similar
analysis of protein depleted in disordered regions reveals an enrichment for metabolism and transporters —
molecular machines that have a well-defined role as biological catalysts (Supplementary Table S2).
Given that the physical chemistry of IDRs tunes their ability to phase separate, it should be unsurprising that

any process that modulates this physical chemistry also has the potential to impact phase behaviour. This
includes post-translational modifications, as has been recently reviewed elsewhere [250,251]. Changes in the
solution environment also offer a general chemical toolkit to tune IDR-mediated interactions [252,253]. Taken
together, the inherently plastic nature of IDR interactions lends themselves to nuanced modulation through
many different mechanisms.
In summary, IDRs are ubiquitous and play a wide range of functional roles across the full spectrum of

biology, and in a large number (likely the majority) of cases their biological function has nothing to do with
the ability to form large macroscopic liquid droplets. The notion that the presence of an IDR means a protein
has evolved to phase separate is an inaccurate inference that has unfortunately been used to justify questionable
lines of inquiry and questionable experimental design.

Conclusion
In this review, we have offered some initial, cautionary notes on IDRs in phase separation, before providing a
relatively in-depth overview of the relevant physical chemistry that has been thus far shown to mediate
protein–protein interactions in phase separation. The results of these experimental and computational studies
have resulted in reasonably accurate predictions of homotypic IDR phase separation, but much work remains
to map these properties onto complex, multidomain, proteins in vivo. The physical chemistry introduced here
will also underlie the interaction of proteins with other biomolecules, including nucleic acids, lipids, carbohy-
drates and small molecules. Importantly, while certain types of interactions have been identified more fre-
quently than others, the range of chemistry that the repertoire of amino acids affords is extensive such that for
a given protein, multiple different interaction types will be simultaneously in effect. Additionally, relevant inter-
actions need not be binary between amino acids but could include cooperative interactions between amino
acids or even co-folding such as in coiled-coil motifs. This complexity is significant, sequence-dependent, and
will also depend on the solution conditions and the complement of available interacting partners. As a result,
while on an individual level the physical principles that govern self-assembly are (in general) well defined,
many questions remain regarding their emergent and cooperative behaviour when integrated over a single IDR.

Summary
• Intrinsically disordered protein regions are ubiquitous and play a wide range of roles.

• One of those roles is contributing to the formation of biomolecular condensates through
phase separation.

• Whether or not an IDR mediates phase separation depends on the physical chemistry of the
underlying sequence.

• A wide range of chemical properties are encoded by amino acids, providing a complex and
chemically heterogeneous toolkit for driving biological function and biomolecular assembly.
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