
New and Notable
There is plenty of room in protein-RNA condensates
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Cells are densely packed reaction con-
tainers in which thousands of reaction
processes occur specifically and simul-
taneously. Concepts of complex for-
mation because of stoichiometric
assembly of different building blocks
as well as membrane encapsulation
have long been known to scientists as
means for cells to spatially regulate reac-
tions. The last decade has moved the
process of phase separation into focus
as another strategy with which spatial
organization can be achieved, giving
rise to so-called biomolecular conden-
sates (1). These condensates often
contain multicomponent mixtures, e.g.,
proteins and nucleic acids, and can also
provide a unique physicochemical envi-
ronment. Recent evidence suggests that
the composition of protein-RNA con-
densates plays a key role in modulating
their phase behavior and in regulating
biological processes. For example, in a
typical transcription process, the low
concentration of nascent RNAs can
stimulate the initial formation of tran-
scriptional condensates, whereas a burst
of RNAs produced during elongation
can dissolve the condensates, providing
a feedback mechanism following the
concept of reentrant phase transition
(Fig. 1; (2)). Reentrant phase transition
generally refers to a process in which a
system transits from one state into a
macroscopically similar (or identical)
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state via at least two-phase transitions
through the variation of a single param-
eter, e.g., pH, temperature, ionic
strength, or polymer concentration. For
RNA-mediated reentrant phase transi-
tions, we refer readers to Milin et al.
for a detailed review (3). Reentrant
phase transition of protein-RNA mix-
tures can go far beyond blob-like struc-
tures of coexisting dense and liquid
phases and create layered functional to-
pologies, whichmay serve as evenmore
specialized reaction containers (4).With
homotypic phase separation of e.g., an
intrinsically disordered protein (IDP)
being an emerging field in the life sci-
ences, the thermodynamics behind the
phase behaviors of protein-RNA mix-
tures remain even less well understood
in the context of biomolecular mecha-
nism and cellular function.

To quantitively understand the bio-
physical properties of protein-RNA
condensates, in this issue of the Bio-
physical Journal, Alshareedah et al.
make use of a clever combination
of particle-tracking microrheology
(PTM), optical tweezer-induced droplet
fusion (OTF), and fluorescence correla-
tion spectroscopy (FCS) to investigate
the interfacial tension, viscosity, and
diffusivity of protein-RNA condensates
(5). Using the mixture of disordered
polypeptide [RGRGG]5 and single-
stranded nucleic acid (ssNA) dT40 as a
simplified but powerful in vitro
model system, the authors found that
the interfacial tension, but not the
internal viscosity or diffusivity of the
multicomponent condensates, is modu-
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lated by the ssNA-to-protein stoichiom-
etry across the entire two-phase regime.
The authors suggest the existence of
spatially organized mesoscale structure
in protein-RNA condensates where the
condensate surface, but not the conden-
sate core, is responsive to variation in
mixture composition.

The authors also noticed a twofold
difference between the diffusivity and
viscosity scaling probed by FCS and
PTM, respectively, when tuning the
salt concentration in the buffer. Howev-
er, the two techniques probe different
things—FCS directly quantifies the
diffusion of a fluorescently labeled pep-
tide or ssNA through a confocal vol-
ume, whereas PTM images the
mobility of diffusing beads to extract
the viscosity of the dense phase. Multi-
ple effects can thus account for such a
moderate discrepancy: 1) Peptide and
ssNA molecules can undergo diffusion
as complexes and not as free chains in
the dense phase. Because of short-range
cation-p interactions, RNA-protein
condensates may exhibit heterogeneity
in the diffusive trajectory at small
length scales, which can vary with ionic
strength under different experimental
conditions (6). 2) The accuracy of
FCS can be dependent on the ratio of
the focal volume to the size of the
probed object, which poses a challenge
when probing diffusivity inside smaller
droplets (7). 3) Because of experi-
mental constraints on detecting rapidly
moving beads, there is a size limit on
how small a bead can be to give mean-
ingful results in PTM. The authors
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FIGURE 1 Schematic phase diagram of protein-nucleic acid (NA) mixtures. Increasing the NA con-

centration (e.g., along the gray arrow) drives an initial phase transition from one phase to two phases

and the formation of heterotypic protein-NA condensates. Further increasing the NA concentration

drives the second phase transition from two phases to one phase and dissolution of the condensate.

Such a process is termed as RNA-mediated reentrant phase transition, which is driven by electrostatic

interactions. Right column: the interfacial tension, viscosity, and diffusivity of protein-RNA conden-

sates across the two-phase regime can be quantified using a combined method, including PTM,

FCS, and optical tweezer-induced droplet fusion (OTF). In OTF, one optically trapped condensate is

forced to move toward another stationary droplet to induce droplet fusion in solution. OTF enables

us to probe the ratio of viscosity over surface tension.

Yu and Lemke
tested two bead sizes (200 and
1000 nm) and did not find a significant
difference. But to what extent the
measured results can be directly extrap-
olated to much smaller length scales re-
mains unknown.

Previous work by Zhang et al. also
employed PTM to measure the viscos-
ity shift of protein-RNA condensates
when tuning the concentration of
CLN3 RNA in its mixture with the
polyQ-expansion protein Whi3 and
yet found that the viscosity of the pro-
tein-RNA condensates can be signifi-
cantly increased by adding mRNA
(8). Whi3 has disordered motifs as
well as RNA-binding motifs, which
may feature homotypic (protein-pro-
tein or RNA-RNA) and heterotypic in-
teractions (protein-RNA) and thus
deviate from obligate heterotypic inter-
actions. Besides, Alshareedah et al. (5)
used shorter ssNA as a well-defined
model, whereas Zhang et al. used a
thousand bp-long structured mRNA
CLN3, which may also complicate
the simple picture. We simply do not
yet know how such different length
scales and biological systems affect
the physicochemical behavior of reen-
trant phase separation. In the future,
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the use of e.g., active microrheology
(9) could be crucial to better study
and understand the viscosity behavior
of the protein-RNA condensates, espe-
cially in living cells. In contrast to
passive microrheology, in active mi-
crorheology, the system is driven out
of nonequilibrium, which enables us
to probe dynamics.

Another exciting suggestion by the
authors is that the internal viscosity
of the heterotypic condensates might
remain insensitive to stoichiometric al-
terations. Considering that biochem-
ical reaction rates can be limited by
diffusive encounters of biomolecular
reactants, reentrant phase separation
of protein-RNA mixtures offers a po-
tential mechanism to spatially regulate
diffusion-controlled reactions in the
condensates. Reinforcing the impor-
tance of viscosity regulation in cells,
Persson et al. recently discovered a
form of cellular adaption that enables
budding yeast to maintain a near-con-
stant intracellular viscosity despite
changes in temperature and energy sta-
tus of the cell (10).

Alshareedah et al. also report that
condensates with excess ssNAs show
a significant repulsive force preceding
ril 6, 2021
their coalescence (5). We wonder if
the changes in condensate surface
composition would provide a mecha-
nism for spatially segregating the reac-
tion environments or if the surface
would serve as a barrier for transport
across the interface. So far, a direct
quantitative link between the biological
functions and biophysical properties of
protein-RNA condensates has not been
fully established, but the systematic
approach described by Alshareedah
et al. (5) provides now a quantitative
path to study and potentially reveal bio-
logical mechanisms to create spatially
segregated environments for better con-
trol of biomolecular reaction condi-
tions.
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