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Biochemical timer phases
condensatesin and out

Guillaume Charras & Martin Lenz

Theinterior of the cell is organized with the help of dynamic
structures that condense like droplets. A timing strategy
ensures that cells maintain healthy function by avoiding
uncontrolled growth of these condensates.

Living cells are experts at multitasking.
They perform myriad vital functions with
a limited set of tools through the creation
of specialized compartments. In some
cases, the compartments are enclosed by a
lipid membrane, but molecules can also be
grouped into amorphous clumps known as
liquid condensates, whose contents fluctuate
as molecules diffuse in and out of them. The
integrity of these condensates is maintained
by thermodynamics, in the same way as an oil
droplet resists dissolving in water. But their
dynamic behaviour poses a challenge: what
prevents a cell's components from forming
onegiant clump? Writing in Nature, Yanet al.!
reportabiochemical timing mechanismused
by cellstoavoid catastrophic clumping during
the formation of the actin cytoskeleton — the
proteinnetwork that gives cells their structure.

The cytoskeleton is formed from a set of
biopolymers that can be rapidly assembled
into various network structures: from tree-
like networks that propel the cell forwards,
toring-like structures that constrictit whenit
divides,andlinear arrays thatexert the forces
required to close an open wound. Therigidity
ofthese meshes is usually considered central
totheir roleinmaintaining a cell’smechanical
integrity. However, by looking at the earliest
stage of network formation, Yan et al. showed
that the nascent actin network forms sparse
condensates that help to structure the cyto-
skeleton. Uncontrolled growth or merging
of the cytoskeleton into a single condensate
would therefore present a huge problem for
the cell, because homogeneous distribution of
the cytoskeleton across the cell surfaceis cru-
cial to healthy embryonic development, and
tothe proper allocation of cellular resources.

Yanand colleagues studied the cytoskeleton
in the single-cell stage of the embryo of the

nematode worm Caenorhabditis elegans.
They found that thousands of small clusters
of actin filaments appeared and disappeared
on the cell surface over a period of minutes
with asynchronous dynamics. The authors’
analysis reveals that these clusters were pre-
vented from merging into one clump through
amechanism that involves the interplay of
two components: a protein that initiates the
assembly of actin filaments, known as WSP-1,
and the filaments themselves.

The team showed that a condensate is first
formed when WSP-1 starts accumulating at
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the cell surface by binding preferentially to
itself (Fig. 1a). This aggregation triggers the
assembly of anactin network at thelocation of
the WSP-1cluster, and the network s continu-
ously disassembled by other specialized pro-
teins presentinthe cytoplasm. At the onset of
cluster formation, the rate at which filaments
aredisassembled is negligible compared with
the burstin WSP-1-induced assembly.

As more and more actin filaments accumu-
late, WSP-1is removed from the condensate,
leaving an actin-rich condensate deficient
in the protein. At this point, disassembly
begins to outpace assembly, leading to the
condensate’s eventual dissolution. Through
this mechanism, the cell creates condensates
with the correct functionality, while also
actively destroying them in a timely fashion.
The authors mapped this cycle asafunction of
the concentration of actinand WSP-1 (Fig. 1b).
The cycle effectively creates a biochemical
timer with which the cell can prevent its lim-
ited resources from being hoarded by one
function.

The results of this technically demand-
ing study pose many questions. Indeed,
controlling the density of cytoskeletal con-
densates not only involves devising a way of
destroying them at the right time, but also
requires precise regulation of how frequently
they arise in the first place. The means by
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Figure1|A biochemical timer for actin cytoskeleton condensates. The actin cytoskeleton is the protein
network that maintains a cell’s structure. Yan et al.' showed that actin networks form condensates that are
prevented from merging into a large clump by a biochemical timing mechanism. a, A protein that initiates
actin-filament assembly, known as WSP-1, first accumulates at the cell surface to form a condensate,
triggering the local assembly of an actin network (stage 1); these filaments are continuously disassembled,
albeit at alower rate than that for their assembly (stage 2). WSP-1is forced out of the condensate through
an unknown mechanism (stage 3). As aresult, disassembly outpaces assembly, leading to the condensate’s
dissolution (stage 4). b, This cycle can be mapped as a function of the concentration of actin and WSP-1.
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which this nucleation processis controlled is
atopicripe for further investigation.

The exact mechanism by which WSP-1is
excluded from the condensates is similarly
unknown. One possibility is that the growing
actin filaments dislodge WSP-1from the con-
densate through direct mechanical inter-
actions. Indeed, at the front of crawling cells,
acomplexrelated to WSP-1has been shownto
be physically displaced by the actin filaments
whose formation it triggers?. Could similar
forces induce WSP-1exclusion?

Althoughthe authors’ modelis based onthe
interplay between just two components, it is
clear that many hidden proteins lurk behind
its parameters. The identity of some of them
canbeguessed at from our current knowledge
of actin-network biochemistry. For example,
parameters associated with the removal of
actin filaments are likely to be affected by
changes in the abundance or activity of pro-
teinsthatareinvolvedin network disassembly,
such as coronin and cofilin®. Others remain
more mysterious: when the authors depleted
the cells of a protein complex involved in fil-
ament assembly, the model parameters that
changed the most were linked to actin dis-
assembly instead.

Answering these questions will require a
combination of imaging and modelling. The
early C. elegans embryo used by the authors
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provides an ideal system in this respect
— its transparency makes it amenable to
high-quality imaging, and it can be probed
with arich variety of genetic tools. Further
studies on condensate formation in this
model organism will no doubt deepen our
understanding of cytoskeletal organization.

Yan and colleagues’ work calls for an
extension to our understanding of intracel-
lular condensates. Although many observed
condensates are liquid-like aggregates
of intrinsically disordered proteins, the
cytoskeletal aggregates observed by Yan and
co-workers probably take the form of gel-like
structures involving stiff protein filaments.
It remains to be determined whether these
gel-like aggregates can merge smoothly on
contact, like two liquid droplets — a property
that has so far been regarded as the hallmark
of condensates.

The study also enriches our understanding
of how the size of condensates is controlled.
Previously proposed mechanisms for size
regulation suggest, for example, that con-
densates are physically confined by an elastic
scaffold*?, or that their size is determined by
animbalance between the diffusion and deg-
radation of their components®. Unlike these
static mechanisms, Yan and colleagues’ bio-
chemical timer suggests that intracellular
condensates are regulated through highly

© 2022 Springer Nature Limited. All rights reserved.

dynamic means, and once again reveals the
power of integrating physics and biochemistry
inour effortsto understand cellular processes
from their molecular interactions.
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