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ABSTRACT Cellular condensates—phase-separated concentrates of proteins and nucleic acids—provide organizational
structure for biochemistry that is distinct from membrane-bound compartments. It has been suggested that one major function
of cellular condensates is to accelerate biochemical processes that are normally slow or thermodynamically unfavorable. Yet,
the mechanisms leading to increased reaction rates within cellular condensates remain poorly understood. In this article, we
highlight recent advances in microdroplet chemistry that accelerate reaction rates by many orders of magnitude as compared
to bulk and suggest that similar mechanisms may also affect reaction kinetics in cellular condensates.
INTRODUCTION
Cellular compartmentalization into membrane-bound and
non-membrane-bound organelles is a key aspect of intracel-
lular organization and dictates spatial and temporal control
of cellular biochemistry. Historically, membrane-bound or-
ganelles have been the archetypal examples of subcellular
organization, in part because the stability imparted by the
encompassing membrane facilitates investigation. Recently,
however, more transient organizational structures of the
cytoplasm, which lack lipid membranes, have been shown
to be ubiquitous and of great physiological significance
(1). They are found in the cytoplasm (e.g., P-bodies (2),
stress granules (3), and centrosomes (4,5)) and in the nu-
cleus (e.g., nucleoli (6,7), P-granules (8), Cajal bodies (9),
paraspeckles (10), and nuclear speckles (11)) as well as
near or on membranes (12,13). Accumulating evidence indi-
cates that these structures are formed through liquid-liquid
phase separation (4,5,8,13–17).

In response to perturbations, a well-mixed solution of
molecules can phase-separate into condensed droplets,
greatly increasing local solute concentration. For systems
in thermodynamic states that lie near a phase boundary,
small changes in conditions such as temperature or salt
concentration can drive the system across the phase bound-
ary, inducing large changes in local concentration within
the phase-separated droplets. In most cases droplet forma-
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tion is also readily reversible by returning the physico-
chemical properties of the system back to the initial
state. However, some pathological condensates, for
example FUS protein condensates implicated in amyotro-
phic lateral sclerosis (18), may become kinetically trapped
in a condensed phase, preventing resolvation upon rever-
sion of the cellular environment. It has been reported that
the cytoplasm can also undergo phase separation in
response to changes in pH and ion concentration because
of its high macromolecular content (19–21). The discrete
nature of liquid-liquid phase transitions as opposed to the
continuous changes in thermodynamic variables away
from phase boundaries makes condensation of cellular con-
densates exceptionally sensitive to changes in the cellular
environment (22,23).

Although classical theory for polymer phase transitions
provides a useful conceptual framework to explain organelle
formation, many details of organelle assembly and how they
maintain distinct functional and physical identities remain
to be understood. Protein multivalency (24,25) and intrinsic
disorder (26,27) as well as ATP flux (14,28) have been
shown to modulate the phase diagrams and concentration
profiles of cellular condensates made from ribonucleopro-
teins (RNPs). A full understanding of droplet formation re-
quires extensions to the classical theory of liquid-liquid
phase separations to incorporate these additional complex-
ities. Advances on this front have been recently reviewed
(22,29,30). In this Biophysical Perspective, we will instead
focus on the function of these cellular condensates, specif-
ically with regard to accelerating biochemical reactions.
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The rates of biochemical reactions are greatly altered in
crowded environments as compared to well-mixed assays
(31–33). Macromolecular crowding limits diffusion, which
slows the rates of diffusion-limited reactions and can lead
to fractal-like kinetics (31,34,35). Crowded environments
differ from concentrated environments in that crowded envi-
ronments may have high molecular diversity. This means
that although the volume fraction of solute molecules is
high, the concentration of a specific species can be quite
low. By concentrating specific interacting species, cellular
condensates can overcome the diffusional barriers to reac-
tions. Conversely, by sequestering specific species within
condensates and excluding their partner reactants, typically
favorable reaction can be retarded. Acceleration of reactions
has been proposed as one of the main functions of phase-
separated cellular compartments in the nucleus (36–41),
and in vitro model systems have demonstrated accelerated
kinetics experimentally (13,24,42). Mounting evidence in-
dicates that at least one function of cellular condensates is
to enhance reaction kinetics. Although several plausible
mechanisms for this acceleration have been proposed,
many details of how and under what circumstances cells
harness these mechanisms remain unclear. Insight may
come from recent discoveries in the field of microdroplet
chemistry.
Acceleration of reactions in microdroplets

Numerous recent studies have shown that confining reac-
tants to micron-scale droplets using electrospray ionization
(ESI) and microfluidic devices can accelerate the reaction
rates by many orders of magnitude. For example, the reac-
tion rate for the Pomeranz-Fritsch reaction, which synthe-
sizes isoquinoline and is typically quite slow in bulk,
increased by a factor of 106 when confined to aerosolized
microdroplets (43). Many other reactions have been acceler-
ated in microdroplets (see (44–46) for recent reviews),
including several noncovalent-complex-forming reactions
(44,47) and the spontaneous phosphorylation of sugars
and production of ribonucleosides (48). Despite numerous
examples of microdroplet confinement accelerating reac-
tions, the underlying cause of this acceleration remains
debatable. Several factors have been proposed that would
lead to greater reaction rates. Broadly speaking, these can
be classified into two types of accelerating mechanisms:
those that increase the local concentration of the reagents
and those that alter the environment in which the reagents
interact.

In microdroplet chemistry, concentration of the reagents
can be accomplished in a number of ways. For one, the
evaporation of the solvent has a concentrating effect on
the reagents, speeding the reaction rate. The effect of evap-
oration rate has been demonstrated in thin-film mixtures
(49) and with ESI droplets. In the latter case, altering the
distance that microdroplets travel before reaching a mass
4 Biophysical Journal 115, 3–8, July 3, 2018
spectrometer or altering the ambient temperature signifi-
cantly alters the distributions of products, presumably
because of solvent evaporation during transport (50).

In addition to the concentrating effect of evaporation on
solutes within microdroplets, the nature of the droplet
interface appears to play a significant role. Because of their
small size, the surface-area-to-volume ratio of microdrop-
lets is significantly larger than that of bulk mixtures. If
the reagents are surface active, the reactions become local-
ized to the surface of the droplets. Interfaces are well
known to accelerate chemical reactions by increasing the
likelihood of interparticle collisions and by orienting mol-
ecules so that reactions become more favorable when col-
lisions do occur. For example, evidence suggests that the
air-water interface lowers the entropic cost of uridine ribo-
nucleoside formation, allowing the reaction to proceed in
microdroplets without enzyme catalysis (48). The affinity
of a molecule to the interface depends on the interfacial
charge (51), which is dictated by the chosen solvent and
reagents and hence can be experimentally manipulated.
Thin-film experiments in which the surface affinity of
rate-limiting negative ions is modulated by applying an
external voltage show that when the ions are forced into
the interior of the film, as opposed to localizing at the inter-
face, the acceleration of the reaction is markedly decreased
(though it is still faster than the bulk) (52). Hence, surface
charges on microdroplet interfaces may serve to attract and
orient polar reagents, making the affinity of the reagents
for the interface a key factor in microdroplet-based reac-
tion acceleration.

In addition to concentrating reacting species, microdrop-
lets provide a means for controlling the pH of the reaction
environment. During the production of microdroplets
through ESI, the pH can be significantly altered through
both the electric fields required for ionization and preferen-
tial evaporation of solvent during flight. This creates a vastly
different reaction environment within microdroplets than in
the bulk solution from which they were formed. For
instance, lowered pH has been used to control and measure
the unfolding of proteins within microdroplets (44,53).
Additionally, the Pomeranz-Fritsch synthesis of isoquino-
line, which requires an acidic catalyst in bulk solution,
can proceed at an accelerated rate without additional acid
when confined to microdroplets, presumably because of
the altered pH (43). Altering the pH affects the rate of a re-
action through two main mechanisms. First, different pH
can lead macromolecules such as proteins or RNA to reor-
ganize into different conformations that may be more reac-
tive. Second, as the Pomeranz-Fritsch reaction shows,
altered pH within microdroplets can catalyze reactions
that would otherwise be either slow or thermodynamically
unfavorable.

Although both the chemical environment and the concen-
trating effects of microdroplets suggest mechanisms by
which acceleration can occur, it is important to note that
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the dominant effect is system specific. For example,
although pH clearly affects the rate of acid catalyzed for-
mation of isoquinoline, the acceleration of acid-induced
chlorophyll demetallation was recently shown to be insensi-
tive to droplet pH and solvent composition (54). Instead, the
acceleration likely resulted from localization of the reaction
to the air-water interface. In general, it is likely that several
mechanisms may be interacting or reinforcing one another
to achieve the large accelerations observed in microdroplets
(see Fig. 1).
How do cellular condensates utilize confinement
to accelerate reactions?

The mechanisms leading to acceleration of reactions in mi-
crodroplets can provide useful insight into the function of
cellular condensates. Liquid-liquid phase transitions within
the cytoplasm concentrate certain species (often RNPs) into
liquid droplets with markedly different properties from
those of the well-mixed cytoplasm. A description of the
structure of cellular condensates has emerged lately in
which multivalent scaffolding proteins and RNA separate
into a condensed phase characterized by a high density of
noncovalent cross-links through a process called complex
coacervation (22,29,55). In simple coacervation, a solute
phase-separates once its concentration surpasses the solubi-
lity limit. The volume of the separated phase increases as
solute is added in a manner that maintains the relative con-
centration between the phases. In complex coacervation,
however, oppositely charged soluble macromolecules
phase-separate as complexes to reduce net charge, making
phase separation highly sensitive to charge distribution of
the constituent macroions (56). After separation of scaf-
folding molecules, client molecules such as enzymes and
their substrates are then recruited to these condensates,
effectively concentrating specific species in a scaffold-
mediated manner (see Fig. 1) (25).

Whereas reactants within microdroplets are concentrated
by solvent evaporation, cellular condensates do not possess
an air-water interface at which evaporation can occur. How-
ever, a similar concentrating effect could be achieved
through Ostwald ripening, in which solvent molecules
from smaller droplets diffuse toward larger droplets because
of concentration gradients resulting from interfacial curva-
ture. If certain species diffuse more rapidly, the remaining
species within the shrinking small droplets would be
concentrated in an analogous manner to solvent evaporation
in microdroplets.

Cellular condensates also allow for confined regions of
the cytoplasm to possess markedly different environments
than the rest of the cell. The charged, proteinaceous solvents
within cellular condensates act more similarly to organic
solvents than water and have been shown to alter the config-
uration of nucleic acids and proteins within the condensates
(57,58). The high charge density and competition for cati-
on-p bonds within the condensate melts DNA double heli-
ces and has a diverse range of effect on proteins within
the condensates (57). Whereas the conformational changes
induced by the internal condensate solution can enhance
the reactivity of certain macromolecules, high viscosity
within the condensed phase should retard reactions (58,59).

Evidence suggests, however, that the net effect of crowd-
ing because of complex coacervation of multivalent
macromolecules is to increase reaction rates. For
example, controlled partitioning of RNA in a model sys-
tem mimicking a crowded, phase-separated environment
increased ribozyme activity 70-fold (42). In another case,
the rate of transcription in cellular condensates formed
from cell lysate was shown to increase as a function of
crowding (60). More recently, it was shown that the histone
FIGURE 1 Comparison of reactions within mi-

cro- and cellular condensates. The left schematic

shows a microdroplet accelerating the production

of ribose-1-phosphate from ribose and phosphate

(48). The reaction is thought to be accelerated by

the affinity of the polar reagents for the charged

droplet interface, which localizes and orients the

molecules. The right schematic depicts a cellular

condensate composed of a scaffolding ofmultivalent

RNPs. The scaffolding has a high density of enzy-

matic sites that interact with diffusing client mole-

cules. The client molecules are able to readily cross

the interface of the condensed phase and are more

mobile in the droplet interior than the RNP scaf-

folding.Whereas microdroplets lose solvent through

evaporation, thereby concentrating the reactants,

cellular condensates exchange mass through Ost-

wald ripening, which could similarly have a concen-

trating effect. Lastly, whereas the air-water interface

of the microdroplet is well defined, the interface of

the cellular condensate is more diffuse and has thus

far been less well-characterized. To see this figure

in color, go online.
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locus body, a small nuclear droplet, regulated histone
messenger RNA biosynthesis by concentrating the protein
FLASH and U7 small nuclear RNP (41). Modulating the
concentration of a modified FLASH mutant provided direct
evidence for the acceleration of processing kinetics due to
localization in a cellular condensate. These results open
an interesting question as to how differentiated diffusion
and conformational selection might be controlled by scaf-
folding molecules to facilitate specific reactions. Both theo-
retical and experimental results show that clustering of
enzymes enhances the rate and efficiency of sequential
biochemical pathways (61,62) as well as the rate of small
nuclear RNPs in Cajal bodies (63). Potentially, the mesh-
work of scaffolding could operate in much the same way
as air-water interfaces within microdroplets in that they
induce particular conformations of reactants as well as
spatially localizing them. Whereas the microdroplet inter-
face provides these advantages through a charged two-
dimensional interface, the cellular condensate scaffolding
provides the same advantages through a charged three-
dimensional lattice. In this regard, the structure of the
cross-linked network of multivalent cellular condensate
scaffolding may directly influence reaction rates by altering
the mobility of diffusing client molecules. Additionally, the
geometry and flexibility of the network, which has been
shown to be strongly influenced by the solvation volume
of network cross-links (64), may introduce similar crowding
effects those as discussed by Kopelman (34) and Schnell and
Turner (31), leading to anomalous reaction kinetics. Inter-
estingly, recent evidence indicates that in some cases the
density of macromolecules within cellular condensates is
not necessarily that much greater than the cytoplasm (65).
In the case of LAF-1 droplets, intrinsically disordered
regions of proteins allow for significant conformational
flexibility within condensates, suggesting many cellular
condensates may be dilute or semidilute mixtures. One
can speculate that these semidilute mixtures balance con-
centration or localization of reactants with conformational
sampling to optimize the frequency of productive interac-
tions between reactants. Additionally, relatively rapid diffu-
sion within semidilute droplets may magnify the importance
of the droplet interface.

In microdroplets, the surface affinity of the reactants
plays a significant role in the observed acceleration. How-
ever, characterization of the surface properties of cellular
condensates is sparse. Several studies have measured sur-
face tension (8,14), including direct microfluidic measure-
ments that show droplet surface tension can vary over
several orders of magnitude depending on the specific con-
stituent macromolecules (59). Additionally, client mole-
cules are observed to diffuse much more freely than
scaffolding molecules and exchange rapidly across conden-
sate interfaces (66,67). However, beyond surface tension
and interfacial flux, there exists little characterization of
cellular condensate surface properties such as charge or
6 Biophysical Journal 115, 3–8, July 3, 2018
molecule composition. Although the concentrating effect
of scaffolds with condensed phases appears to be an impor-
tant biochemical modulator, it is unclear how surfaces of
cellular condensates may also concentrate specific mole-
cules and act as molecular sieves for the interior of orient
macromolecules. Based on the evidence from microdroplet
chemistry, it seems likely that cellular biochemistry would
take advantage of the special physicochemical environment
afforded by the surfaces of cellular condensates.

In fact, subcellular compartmentalization frequently
takes a hierarchical form, with compartments themselves
being subdivided into distinct phases (7,68). Spatial organi-
zation within cellular droplets is known to exist in the nucle-
olus and nuclear speckles as well as in stress granules in the
cytoplasm. This additional layer of organization may play a
crucial functional role (69). Presumably, interfacial effects
are further amplified as greater organization requires
increased boundaries between phases. The role that these
nestled phases and the interfaces between them play in con-
trolling biochemistry remains an open question.
Conclusions

Microdroplet chemistry may be an ideal testing ground for
theories regarding reactions in cellular condensates and
non-membrane-bound organelles. Microdroplets offer a
more-controlled and less-complex analogy for the myriad
interactions occurring in phase-separated cellular compart-
ments. Understanding the physicochemical features of mi-
crodroplets that allow for enormous increases in reaction
rates could clarify the evolutionary advantages dictating
the size, chemical makeup, and structure of cellular conden-
sates and may also provide insights into the self-organiza-
tion principles leading to the origin of life (48,70).
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