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Biomolecular condensates are dynamic assemblies that typically 
are not enclosed by membranes, and they compartmentalize 
and concentrate biomolecules involved in shared regulatory 

processes in cells. Early cytologists observed the largest and most 
stable of these compartments over a century ago: the nucleolus and 
Cajal bodies1–5. There is now evidence that myriad cellular pro-
cesses, including DNA repair, transcription, signaling, ribosome 
biogenesis, synaptic transmission, innate immune recognition and 
others involve condensates6–15. Condensates thus help segregate 
subsets of the billions of molecules in a cell into compartments with 
specific functions.

Transient and multivalent noncovalent interactions among bio-
polymers drive the formation and behavior of condensates16–19. The 
nature of these interactions is diverse and driven by contributions 
from dispersion, electrostatic, ionic and electron-donating interac-
tions alongside the hydrophobic effect. Weak multivalent interac-
tions are thought to drive formation of condensates through phase 
separation16–18,20–24, although additional mechanisms have been pro-
posed25,26. Biomolecular condensates form and dissolve in the face 
of external and internal stimuli, and the nature of regulatory stimuli 
dictates their life-time and size6,13,27–35. These attributes are conferred 
by each condensate’s mesoscopic nature, in which both bulk and 
microscopic physical and chemical behaviors are important.

Here we discuss the chemical mechanisms that contribute to 
biomolecular condensate formation and regulation, summarize evi-
dence that small molecules can concentrate in specific condensates 
and argue that deeper insights into condensate chemistry will lead 
to improvements in therapeutic molecules (Fig. 1). Condensates 
formed with different biomolecules have distinct chemical speci-
ficities that cause other biomolecules or small molecules to selec-
tively associate with the internal condensate chemical environment. 
Anticancer drugs have been observed to selectively partition into 
particular condensates, and there is evidence that the chemical 
interactions that govern small-molecule–biomolecule interactions 
can be separated from the biomolecular interactions that govern 
condensate formation36. Thus, the chemical properties that govern 
molecular interactions between a small molecule and biomolecules 
within a condensate can be ascertained for both the small molecule 

and biomolecules and can be distinguished as contributing to either 
the small molecule’s interaction with the condensate environment 
or with its target biomolecule.

Chemical mechanisms in condensate assembly and 
behavior
Biomolecular condensates generally consist of assemblies of protein 
and RNA molecules but may also contain DNA and other biomol-
ecules. To gain insights into the chemical mechanisms that contrib-
ute to these complex assemblies, investigators have typically studied 
how purified protein or RNA molecules contribute to condensate 
assemblies in vitro. For example, purified proteins that can form con-
densates in vitro have been studied for the contributions of specific 
amino acids to condensate formation and behavior16,17,20,37. RNA mol-
ecules have also been observed to form condensates, doing so by base 
pairing with one another or through interactions with RNA-binding 
proteins in vitro29,30,38–42. Thus, diverse features of the complex envi-
ronment of cellular condensates have often been modeled with 
simple systems in vitro and, when feasible, these findings have been 
extended to the more complex condensate environment in cells.

A ‘stickers-and-spacers’ model, in which polymers contain blocks 
with strong interaction potentials separated by blocks with weak 
interaction potentials, has provided a valuable coarse grain approach 
to describe the features of diverse biomolecules that promote conden-
sate formation and that influence their material properties (Fig. 2a) 
17,18,20,24,43–48. The strength of sticker–sticker interaction potentials, 
their frequency and the patterning of stickers and spacers has been 
shown with the FET (composed of FUS, EWSR1 and TAF15) fam-
ily and other proteins to govern the saturation concentration of a 
condensate16–18. Above this threshold concentration, a system of 
associative polymers will undergo a phase transition, forming dense 
and dilute phases. Dense phases are characterized by satisfying the 
majority of sticker–sticker interactions, and dilute phases are defined 
by satisfaction of fewer sticker–sticker interactions; these potentials 
vary with space and in response to different chemical and biologi-
cal phenomena. This remarkably simple model has proven useful in 
interpreting experiments with model protein and nucleic acids and 
predicting the ability of sequences to engender condensates.
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The roles of diverse amino acids in the formation and behavior 
of simple protein condensates, which have been called the ‘molecu-
lar grammar’ of these condensates, have come predominantly from 
studies of the ‘fused in sarcoma’ (FUS) protein (Fig. 2b)17,49,50. FUS 
forms multimolecular condensates at low micromolar concentra-
tions, driven by transient and multivalent noncovalent interactions 
between its arginine and tyrosine residues. In diverse proteins, 
multivalent noncovalent interactions between acidic, basic and 
aromatic amino acids have been described that contribute to con-
densate formation and behavior17,18,20,21,23,38,43,44,50–52. In FUS, spacer 
regions composed predominantly of glycine, serine and glutamine 
residues occur between the blocks of strongly interacting groups. 
Spacer regions with a higher content of glycine residues yielded a 
more dynamic and liquid-like condensate, while a more solid-like 
condensate was observed with a higher glutamine content (Fig. 2b). 
Analysis of how and where these substitutions resulted in differ-
ent physical properties was facilitated by the stickers-and-spacers 
framework17,24,38,44. Thus, FET family proteins have provided useful 
systems for interrogating how condensate behavior is produced by 
their amino acid sequences and compositions17,38.

Condensates can also be generated by interactions between 
structured domains that are bridged by a ligand, enabling a cell to 
achieve thermodynamic control over phase separation. A theoreti-
cal framework put forth by Wyman and Gill53 described how pro-
tein ligands may exert control over phase separation in a process 
termed polyphasic linkage, and recent studies have provided addi-
tional experimental confirmation of their predictions33,54,55. Bivalent 
small molecules that have the effect of enhancing or reducing phase 
separation may prove to be a creative application of this concept56,57.

Evidence for chemical specificities in condensates
The chemical milieu of condensates has been proposed to be a 
chemically distinct microenvironment where certain protein and 
RNA molecules are densely concentrated and where these biomol-
ecules will together solvate and enrich for specific sets of additional 

molecules while excluding others58–63. Thus, a condensate that 
contains proteins and nucleic acids engaged in a specific function 
would be expected to have a microenvironment with chemical 
features that are distinct from those of condensates with different 
biomolecules engaged in other functions. Condensates involved in 
different functions can be visualized in cells by imaging proteins 
that are specific to these bodies (Fig. 3a). These condensates exhibit 
a variety of properties that are consistent with the notion that they 
harbor different physicochemical environments; for example, some 
form and dissolve in short time frames (for example, transcriptional 
condensates), whereas others remain assembled for much longer 
times (for example, nucleoli)34,64.

Selective partitioning of biomolecules. Does the collection of bio-
molecules that distinguish one type of condensate from another 
create substantially different chemical microenvironments? The 
selective condensate partitioning behavior of chemically modified 
biomolecules provides one line of evidence consistent with this pos-
sibility. The chemical modification of a protein molecule can cause 
that molecule to change its condensate partitioning behavior, that 
is, to exit one condensate and enter another with different compo-
nents28,52. The behavior of RNA polymerase II during two different 
stages of transcription, initiation and elongation, provides an exam-
ple of this type of modification-dependent condensate partitioning 
(Fig. 3b)28,65,66. RNA polymerase II can be recruited into transcrip-
tional condensates (compartments marked by the presence of the 
mediator complex subunit 1 (MED1) protein) during transcription 
initiation in a form that is minimally phosphorylated. The hepta-
peptide repeat domain of the largest subunit of RNA polymerase 
becomes hyperphosphorylated during the transition to elongation, 
reducing the enzyme’s affinity for transcriptional condensates and 
increasing its affinity for condensates containing the RNA-splicing 
apparatus. This provides a form of spatiotemporal regulation of 
transcription, in which the apparatus involved in initiation of RNA 
synthesis and that involved in RNA processing occur in a slightly 
different space and time.

What chemical features drive the change in condensate partition-
ing of the polymerase molecule described above? The ‘interaction 
potentials’ of stickers and spacers can be altered and the behavior 
of the condensate assembly can be changed with amino acid modi-
fication, a common event in biological regulation17,23,24,27,28,42,49,50,55,67. 
For example, the effective interaction potential of a phosphotyro-
sine and an arginine residue will be significantly greater than that 
between a tyrosine and an arginine (Fig. 3c). This variation arises 
because the ionic bond between the phosphate anion and the argi-
nine cation is an order of magnitude greater than the cation–𝜋 and 
hydrogen bonding interactions present in the unphosphorylated 
case (Fig. 3c). Phosphorylation also endows a greater capacity to 
engage in hydrogen bonding interactions on a phosphotyrosine 
residue, drastically influencing its hydrophilicity and likely the local 
chemical structure of water and inorganic ions. Biological regula-
tory modifications that alter the pKa of a side chain, modulate elec-
trostatic surface potential, ablate hydrogen bonding capacity, alter 
the hydrophobicity of chemical groups or alter the flexibility of 
amino acids and nucleobases will directly influence the effective 
interaction potential of a spacer or sticker block.

There are other models that can account for selective partition-
ing of biomolecules such as that observed with RNA polymerase 
II modification. It is possible, for example, that proteins resident 
in one condensate have high-affinity binding sites for unmodi-
fied polymerase molecules, whereas proteins resident in the other 
have high-affinity sites for the modified enzyme. In the case of 
RNA polymerase II, however, experiments have shown that the 
heptapeptide repeat domain subjected to phosphorylation exhib-
its modification-dependent partitioning into simple condensates 
consisting of proteins representative of transcriptional and splicing 

Concentration within
a condensate

Cellular uptake

Subcellular localization
with protein targets

Fig. 1 | Small molecules can concentrate selectively within specific 
biomolecular condensates and may do so both through interactions with 
the chemical environment of the condensate and through interactions 
with target proteins or nucleic acids within the condensate. Condensates 
are mesoscopic bodies, and interaction of a molecule with the bulk 
solvation and microscopic chemical environments is determined by a 
condensate’s chemical specificity. This includes both specific interactions 
with target binding sites and interactions with other parts of biomolecules 
not constituting the target site that may contribute to the concentration of 
small molecules in a condensate. Left, small molecules (red spheres) that 
enter cells can be distributed unequally among diverse membrane-bound 
and non-membrane compartments. Middle, small molecules (red spheres) 
concentrating in a transcriptional condensate consisting of a transcription 
apparatus assembled at a DNA locus; this can occur when the interaction 
of the small molecule with the chemical environment is favored over its 
interaction with the environment outside the condensate. Right, interaction 
of the small molecule is depicted with a specific biomolecular target, 
shown here: THZ1 bound to CDK7 (Protein Data Bank ID 6XD3).
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condensates that do not have strong binding interactions with the 
heptapeptide repeat domain (Fig. 3b). Thus, differences in con-
densate chemical environments can be exploited by cells to evolve 
regulatory mechanisms that involve selective partitioning of bio-
molecules due to chemical modification.

Selective partitioning of small molecules. Diverse small-molecule 
drugs have been observed to concentrate in biomolecular conden-
sates. Mitoxantrone, a chemotherapy used to treat some forms of 

cancer, was long ago observed to concentrate within the nucleo-
lus68,69. Additional anticancer drugs, such as cisplatin and tamoxi-
fen, have now been demonstrated to concentrate in transcriptional 
condensates and act on DNA or protein targets that occur within 
those condensates36. This selective concentrating behavior in tran-
scriptional condensates is not dependent on an interaction with the 
ultimate target of these drugs (DNA for cisplatin and the estrogen 
receptor (ER) for tamoxifen) but rather appears to be due to interac-
tions with specific amino acid residues in the MED1 protein, a key 
coactivator protein that is a defining component of transcriptional 
condensates34,70. Thus, drug molecules can exploit both condensate 
partitioning properties and those involved in target engagement to 
concentrate in the same compartment as their target.

The chemical properties responsible for selective partitioning of 
small molecules into specific condensates are likely to be the same 
as those that enable selective partitioning of biomolecules in con-
densates (Fig. 2a). As with biomolecules, in vitro droplet models 
have proven powerful for interrogating the chemical partitioning 
behavior of small molecules within condensates. These assays can 
be conducted with wild-type and mutant forms of protein molecules 
to identify amino acids that are essential for the partitioning proper-
ties of drugs (Fig. 4a). Such an approach led to the observation that 
cisplatin partitioning into MED1 condensates depends on aromatic 
amino acid residues and thus cation–𝜋 and 𝜋–𝜋 interactions asso-
ciated with these residues and revealed that the amino acids nec-
essary for MED1 phase separation (conserved serine patches) are 
different from those necessary for the interactions with cisplatin36 
(Fig. 4b). Furthermore, experiments with MED1 in vitro droplets 
have suggested that structure–activity relationships between small 
molecules and biomolecules in condensates can be deduced with a 
limited range of fluorescent probes36. These results suggest that the 
chemical properties that govern molecular interactions between a 
small molecule and biomolecules within a condensate can be ascer-
tained for both the small molecules and the biomolecules of interest 
(Fig. 4c) and can be distinguished as contributing to either the small 
molecule’s interaction with the condensate environment or with its 
target biomolecule.

New models for drug action and resistance
The targets of many commonly used drugs are now known to 
occur in condensates; therefore, it might be expected that effica-
cious drugs can readily access these compartments to engage their 
targets. Nonetheless, an understanding of the interaction of these 
drugs with the physicochemical environment of diverse conden-
sates, currently lacking for most drugs, may present opportunities 
for improved therapeutics. As examples of the insights that can 
emerge from such understanding, we describe below concepts that 
have emerged from recent studies of drug–condensate interaction 
that suggest new models to account for therapeutic efficacy and 
resistance for widely used antineoplastic drugs.

Enhanced pharmacological specificity and activity. Before the 
observation of selective partitioning in transcriptional condensates, 
it was widely assumed that the efficacy of cisplatin was due to ran-
dom platination of the genome, thus selectively affecting tumor cells 
because they must repair their damaged DNA before continuing to 
replicate. However, the evidence that cisplatin concentrates in large 
transcriptional condensates at driver oncogenes, where it selectively 
platinates oncogene regulatory DNA, suggests a very different model 
for the drug’s anticancer activities (Fig. 5). In this model, the reason 
that cisplatin has efficacy against a broad spectrum of cancers is due 
to the fact that each cancer evolves large and stable transcriptional 
condensates at its driver oncogenes and that cisplatin concentrates 
and acts on the DNA in these condensates, thus ultimately destroy-
ing the ability of the transcription apparatus to operate specifically 
at those oncogenes. By contrast, the transcriptional condensates in 
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Fig. 2 | Chemical mechanisms in biomolecular condensate assembly.  
a, The stickers-and-spacers model suggests how polymers may associate 
to form condensates; amino acid side chains, nucleobases and folded 
domains may produce interactions that qualify as stickers or spacers. 
Examples17,18,20,21,23,38,44,45,51–53 of noncovalent interactions mediating sticker 
interactions are displayed with electrostatic surface potentials, computed 
at the M06-2x/6-311 + g(d,p) level of theory10. b, Condensates form 
droplets due to the association of biopolymers through noncovalent 
interactions between sticker regions, which are separated by spacer 
regions in the same biopolymer. In the model system FUS, glutamine-rich 
spacers produced more solid-like behavior than the liquid-like character 
of glycine-rich spacer regions18,44. Noncovalent interactions between 
amino acids with π-systems and other π-systems or cationic amino 
acids influence the formation and dissolution of FUS and other protein 
condensates by creating ‘sticker’ domains17,18,20,21,23,38,43,44,50–52. These 
interactions are a consequence of a molecular grammar, rules by which 
specific amino acids influence condensate formation and behavior17.
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normal cells are much smaller and have shorter lifetimes and thus 
accumulate less drug 70–74 (Fig. 5).

There are now many examples of small-molecule drugs and tool 
compounds that selectively partition into specific condensates in the 
absence of their defined target proteins. This includes the drugs cis-
platin, mitoxantrone and tamoxifen as well as chemical probes that 
bind the transcriptional cofactors BRD4 and CDK7 (ref. 36). Before 
these observations, there was a conundrum: BRD4 and CDK7 are 
present at all active genes and necessary for their transcription, yet 
BRD4 and CDK7 inhibitors selectively disrupted the tumor-specific 
oncogenes that engendered oncogenic properties of these diverse 
cancer cells72–74. Again, the facts that most cancers evolve large and 
stable transcriptional condensates at their driver oncogenes and 
that these BRD4 and CDK7 inhibitors are selectively concentrated 
in such condensates together explain why these inhibitors have 
oncogene-selective inhibitory activities and why they have far less 
deleterious effects in normal cells, which have smaller and more 
transient transcriptional condensates (Fig. 5).

New mechanisms of drug resistance. Tamoxifen is an anti-estrogen 
drug that is highly effective in the treatment of ER-positive breast 
cancer. Tamoxifen resistance can be conferred by ER mutations that 
reduce drug affinity, as might be expected, but it can also be con-
ferred by MED1 overexpression, which, until recently, did not have a 
mechanistic explanation75,76. We found that ER partitions selectively 

into MED1-containing transcriptional condensates in a manner 
that is dependent on its binding to estradiol, but, when tamoxifen is 
present, the drug partitions selectively into the same transcriptional 
condensates and competes for ER binding with estradiol; tamoxifen 
binding leads to eviction of ER from the transcriptional conden-
sate36. MED1 overexpression was found to cause an expansion of the 
volume of transcriptional condensates, thereby diluting tamoxifen 
in the condensate and rendering tamoxifen less efficient in evicting 
ER from the condensate. These results suggest that misregulation of 
genes, a hallmark of cancer, can lead to condensate alterations that 
contribute to drug resistance in cancer cells.

Chemical grammar and condensate compartments
We suggest that learning the ‘chemical grammar’ of molecules with 
respect to condensates, which we define as the rules describing the 
chemical features of molecules that engender attraction to or repul-
sion by the physicochemical environment of a specific condensate, 
should enable design of small-molecule drugs with three types of 
condensate-associated properties. It should be possible to endow 
small-molecule drugs with chemical properties that (1) concen-
trate these molecules to higher levels in condensates where their 
targets occur and lower levels in condensates where toxic effects 
might be obtained (Fig. 6a), (2) modulate the phase behavior of 
specific condensates (Fig. 6b) and (3) modify the material proper-
ties of condensates (Fig. 6c,d). Some small molecules may impact 
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more than one of these properties; therefore, these are not neces-
sarily mutually exclusive.

Condensate partitioning. It should be possible to engineer small 
molecules that not only bind selectively to their target proteins but 
also selectively concentrate in the particular condensates where 
their targets occur, thereby improving their pharmacological effi-
cacy. In cases in which the targets of small molecules involve fami-
lies of proteins with similar sequences, such as kinases, and in which 
such proteins reside in different condensates, some degree of target 
specificity might be obtained through selective condensate parti-
tioning. Such an approach would benefit from an optimal balance 
between ligand binding and condensate interaction.

It is also possible that small-molecule partitioning into inap-
propriate condensates contributes to toxicity. For example, a 
DNA-modifying drug that concentrates in nucleoli will disrupt 
the process of ribosome biosynthesis. Mitoxantrone concentrates 
in nucleoli as well as other condensates, and it is possible that its 
impact on nucleoli contributes to its toxicity, whereas its impact in 
other condensates contributes to its efficacy77.

Although we do not yet know of an instance in which chemi-
cal features that influence partitioning have been purposely incor-
porated into the design of a small-molecule drug, there is evidence 
supporting the notion that this can be accomplished. Investigators 
gained insights into the chemical features of small molecules that 
contribute to selective concentration in MED1 protein condensates 
by screening a fluorescent probe library of boron-dipyrromethene 
(BODIPY) dyes diversified with different chemical functional 
groups36. Derivatization of the common fluorescent scaffold showed 
that aromatic rings preferentially engender concentration into these 
condensates, suggesting that 𝜋–𝜋 or cation–𝜋 interactions are among 
the noncovalent interactions leading to small-molecule partitioning 

in this compartment. Thus, a small molecule that targets a biomol-
ecule resident in a MED1-dominated condensate might be modified 
to include an aromatic ring to enhance its ability to be selectively 
concentrated in this condensate.

Modulating phase behavior. Condensate dysregulation due to 
pathogenic mutations in condensate-associated proteins is now 
thought to contribute to diverse diseases9,10,12,14. In diseases caused 
by condensate dysregulation, it should be possible to use small 
molecules to selectively modulate the saturation concentration of 
specific condensate-forming proteins. In this manner, both nonco-
valent and covalent small-molecule interactions with proteins have 
the potential to rescue the phase behavior of a condensate that has 
become dysregulated due to a pathological mutation.

Solutions of condensate-forming biopolymers will ‘demix’, sep-
arating into biopolymer-dense and biopolymer-dilute phases, at 
their saturation concentration. Noncovalent interactions between 
side chains and molecules in solution can impact condensate 
size and dynamics by providing interaction partners24,42,55,78–81. 
This concept is directly portable to small molecules that inter-
act directly with a protein to change its saturation concentration  
(Fig. 6b)79,80,82. Specific chemical features have been shown to 
engage in the transforming of a condensate’s saturation concentra-
tion and may consist of a mixture of strong and weak ions, hydro-
phobic regions and electron-rich 𝜋-systems80. These attributes are 
complicit with strong nonspecific interactions with proteins, driv-
ing the formation of transient noncovalent interactions between 
components of proteins important to condensate formation, 
mechanisms that are reminiscent of the ‘molecular grammar’ of 
condensate-forming proteins, which are the rules describing how 
amino acid chemistries influence protein phase separation and 
condensate material properties17.
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Modulating material properties. Condensates have material prop-
erties (viscosity, viscoelasticity, surface tension and diffusivity of 
molecules within condensates) that result from the chemical prop-
erties of the polymers from which they are composed (Fig. 6c), and 
altered material properties can produce dysregulated condensates 
in diverse diseases7,12,17,83. Targeting these different physical proper-
ties in therapeutic design is an emergent approach for addressing 
diseases thought to involve condensate dysregulation.

Condensates can be described as liquids, gels or solids, which 
are terms that reflect the relative diffusivity of molecules within 
these assemblies. A hallmark of neurodegenerative diseases, which 
include amyotrophic lateral sclerosis, frontotemporal dementia, 
Alzheimer’s disease and Parkinson’s disease, is the formation of pro-
tein or RNA aggregates that appear to be dysregulated condensates. 

Four well-studied proteins found aggregated in different neurode-
generative diseases (α-synuclein, FUS, tau and TAR DNA-binding 
protein 43 (TDP-43)) have each been shown to participate in phase 
separation, and the formation of aggregates is postulated to rep-
resent a solid or glass-like pathogenic condensate. In this context, 
small molecules may prove to have advantages over biomolecules 
as therapeutics for such neurodegenerative diseases, as they retain 
a greater capacity to penetrate into disease-state condensates with 
solid or glass-like material properties.

Condensate assemblies are often employed by viruses to com-
partmentalize essential life cycle functions, and recent studies have 
shown that small molecules can have efficacy against viral replication 
by modulating the properties of viral condensates. Viruses can hijack 
host cell compartments to provide a protected and metabolite-rich 
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at normal genes accumulate far less cisplatin and suffer far less DNA damage.
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microenvironment for replication while minimizing stimulation of 
innate immune responses40,84–88. Compartmentalization strategies 
include hijacking host condensates, the formation of phase-separated 
inclusion bodies of viral components and re-engineering the endo-
plasmic reticulum. Improved understanding of the properties 
of viral condensates could lead to new classes of antiviral drugs. 
Indeed, modification of the viscoelasticity of respiratory syncytial 
virus condensates by a small molecule has proven possible and can 
arrest viral replication (Fig. 6d)89. New condensate-driven strategies 
for the development of antiviral drugs may yield much-needed new 
directions in this classically challenging field of medicinal chemistry.

Simple and cellular condensates. Scientists have a long tradition 
of studying the complex environment of a cell by using reduction-
ist approaches with purified components in vitro. The simple sys-
tems produced in this fashion are more amenable to theoretical 
and experimental analysis than the more complex systems in living 
cells, and most of our understanding of the fundamental behaviors 
of biological molecules has emerged from this approach. Thus, the 
study of simple homotypic protein condensates will continue to 
reveal fundamental insights such as the chemical features of small 
molecules that engender attraction or repulsion to condensate 
microenvironments and the ability of small molecules to modulate 
condensate phase behavior and material properties.

Once the fundamentals are established in simple systems, the 
question of relevance to the more complex living system arises. In 
this context, the simple condensates produced with a single type of 
protein are unlikely to have the same internal chemical environment 
that occurs in a cellular condensate where that protein functions 
with diverse other molecules in a nonequilibrium environment. 
This leads us to ask to what extent are insights gained from studies  

of simple condensates in vitro predictive of biochemical behaviors 
of more complex condensates in living cells? The answer is that 
we do not know, but, based on a limited amount of data with bio-
molecules and small molecules in studies of transcriptional con-
densates, observations with simple systems can be predictive of 
behaviors in vivo27,34,36,70. For example, the selective cisplatin- and 
tamoxifen-concentrating behaviors of simple MED1 protein con-
densates extend to condensates formed by the 30-subunit mediator 
complex in vitro and transcriptional condensates in vivo25.

How is it possible that observations with simple condensate 
systems can be predictive of behaviors in the much more complex 
microenvironments of condensates in vivo? Certain proteins in cel-
lular condensates have been proposed to play dominant roles by 
acting as ‘scaffolds’ for other ‘client’ proteins15,54. Proteins that have 
been proposed to act as scaffolds include MED1 in transcriptional 
activation, FIB1 in nucleolar ribosome biosynthesis, HP1α in het-
erochromatic gene silencing and SRSF2 in RNA splicing. Despite 
being assemblies of many different biomolecules, it is possible that 
the internal chemical microenvironment of some condensates is 
dominated by the chemical features of their scaffolds, and, if so, this 
could account for the ability of some small molecules to concentrate 
selectively in both simple condensates containing a scaffold and in 
the more complex condensate with that scaffold in cells. We suspect, 
however, that the diverse population of molecules in any one type 
of cellular condensates creates a chemical microenvironment that is 
not well replicated in homotypic in vitro condensates.

We imagine that small molecules are not distributed such that 
they concentrate primarily in a single type of favored condensates 
but rather are distributed such that they concentrate to different 
levels in diverse cellular condensates. Furthermore, the physico-
chemistry of a cellular condensate can be modulated dynamically 

Surface tensionViscosity Viscoelasticity Diffusion

d

R = H (CPM)
Ethyl (A3E)

0.5

0
0 20

Time (s)
40 60

1.0

c

ba

Distribution
by design

O
N

noit carf desnedno
C

Wild type

Wild type + negative
phase modulator

Wild type + positive
phase modulator

Protein concentration

Mock
CPM
A3E

N
or

m
al

ize
d 

flu
or

es
ce

nc
e

O

N
H

OR

Fig. 6 | Small molecules and peptides may be designed to have chemical properties that interact with and influence condensates to improve 
therapeutic efficacy. a, It should be possible to endow different classes of small molecules and peptides with features that concentrate these molecules 
in condensates where their targets occur and cause them to avoid partitioning into condensates where toxic effects might transpire. b, Alteration of a 
condensate’s condensed fraction and phase behavior with a positive (increasing) or negative (decreasing) phase modulator. c, Material properties of 
condensate may be altered with small molecules; viscosity, viscoelasticity, surface tension and diffusivity of molecules may be augmented, corrected or 
depleted by drugs. d, Cyclopamine is an example of a small molecule that can induce changes in respiratory syncytial virus condensates by hardening 
(decreased viscoelasticity)89. A3E, A-ring, 3′-ethoxy-cyclopamine; CPM, cyclopamine.

Nature Chemical Biology | VOL 18 | December 2022 | 1298–1306 | www.nature.com/naturechemicalbiology1304

http://www.nature.com/naturechemicalbiology


PerspectiveNature CHemIcal BIology

by diverse clients such as proteins, nucleic acids, metabolites and 
ions, and such modulation is likely to alter small-molecule par-
titioning. Thus, the chemical grammar of the cellular conden-
sates will be more challenging to discern than that of simple in  
vitro condensates.

Perspective
We envision a time when molecules can be engineered to selectively 
enrich in any one type of compartment where a target is contribut-
ing to a disease phenotype, thus producing therapeutic molecules 
with improved efficacy and reduced toxicity. To reach that point 
and have optimal impact, several important advances are needed. 
The diverse types of condensate compartments that exist in cells 
will need to be further cataloged, their components described and 
their physicochemical properties deduced. The rules describing the 
chemical features of molecules that engender attraction to or repul-
sion by the physicochemical environment of a specific condensate, 
which we call chemical grammar, will need to be learned for these 
diverse condensates. When disease mutations cause pathological 
dysfunction by altering the material properties of condensates, it 
will be useful to obtain a deeper understanding of the means by 
which small molecules can modify the viscosity, viscoelasticity,  
surface tension and diffusivity of condensates.

Conceptual and experimental innovation has led to a revolution 
in our understanding of the compartmental features of cells in the 
past decade. Conceptual innovations have come from introduc-
ing concepts from polymer chemistry and soft matter physics into 
regulatory biology. We suggest that further conceptual advances 
will come from treating cells as highly dynamic nonequilibrium 
environments. Similarly, there have been experimental innovations 
employing engineered cells and molecules. We suggest that learning 
condensate chemical grammar will be enhanced and accelerated by 
combining experimental strategies of chemical biology with mod-
ern computational approaches, such as deep learning. This should 
lead to new insights into the mechanics of how molecules are com-
partmentalized in and affect the material properties of condensates 
and ultimately enable the development of more potent therapeutics.
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