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Dynamic properties

Molecular tumbling

Liquid-liquid phase separation (LLPS) of proteins and nucleic acids is a common phenomenon in cells that
underlies the formation of membraneless organelles. Although the macroscopic behavior of biomolecular
coacervates has been elucidated by microscopy, the detailed dynamic properties of proteins/peptides dur-
ing the LLPS process remain poorly characterized. Here, site-directed spin labeling-electron paramagnetic
resonance (SDSL-EPR) spectroscopy was employed to characterize the dynamic properties of a minimal
model LLPS system consisting of positively charged peptides and RNA. The degree of phase separation,
indicated by broadening of the EPR spectrum of the spin-labeled peptide due to slow molecular tum-
bling, was monitored by EPR. In addition, three distinct populations with varying molecular motion dur-
ing LLPS, featuring different spectral lineshapes, were identified. These populations included a fast motion
component (I), a slower motion component (II) associated with peptides in the dispersed phase and an
immobile component (III) observed in the dense phase. With gradual titration of the peptides to RNA,
the EPR spectrum gradually shifted, reflecting changes in the populations of the components. Together,
SDSL-EPR method not only provides new insights into the dynamic behavior of biomolecules during LLPS,

but also offers a sensitive method for biomolecular phase separation processes at the molecular level.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phase separation is a very common phenomenon in cells and
is the basis for the formation of membraneless organelles such
as P-bodies and stress granules. Coacervates, as membraneless or-
ganelles, have liquid-like characteristics due to the lack of phys-
ical membranes, and coacervate droplets can readily exchange
biomolecules with their environment and fuse [1,2]. They play an
important role in regulating biochemical reactions and improv-
ing the adaptability of cells to the environment [3,4]. In addition,
many studies have shown that many neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s disease, are related to
phase-separated proteins [5]. Liquid-liquid phase separation (LLPS)
is a phenomenon in which molecules spontaneously demix from
the surrounding solvent and condense into a high-concentration
phase (dense phase) that is in equilibrium with a dispersed phase
that has a lower molecule content. Phase separation is primar-
ily driven by weak interactions, including m-m stacking, cation-
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7 interactions, charge-charge interactions, and transient cross-f-
contacts [4]. Many biomolecules can phase separate in cells, the
most common of which are proteins and RNA. The ability of pro-
teins to undergo phase separation is associated with their amino
acid sequence, with research indicating that proteins undergoing
phase separation typically possess intrinsically disordered regions
or low-complexity domains, such as the RNA-binding proteins FUS
[6], TDP-43 [7], and hnRNPA2 [8] containing low-complexity do-
mains, which support multivalent interactions that aid in phase
separation. DNA and RNA have been reported to provide scaffolds
for phase separation of proteins or peptides, thereby allowing more
complex protein/peptides interactions [9,10].

LLPS is usually characterized in vitro by fluorescence mi-
croscopy, turbidity measurements [11], and absorption measure-
ments at 280nm [12]. However, these techniques generate static
“snapshots” and cannot provide dynamic information about the
molecule as a monomer in coacervates. Solution-state nuclear
magnetic resonance (NMR) spectroscopy can be utilized to offer
detailed insights into the structure and motion of individual com-
ponents in coacervates [13-15]. However, the investigation of the
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Fig. 1. Arginine-rich peptide phase separation. (a) Schematic illustration of polyU RNA added to a solution of RRASLRRACLRRASL, which results in phase separation. (b)
Comparison of the turbidities of the non-LLPS sample (i) and LLPS sample (iii). Fluorescence imaging of the non-LLPS sample (ii) and LLPS sample (iv). Scale bar: 10 pm.
The concentration of polypeptides was 1 mmol/L, and that of polyU was 1mg/mL in the LLPS sample. The concentration of peptides was 1 mmol/L in the non-LLPS sample
without polyU. (c) Schematic representation of the transition from the dispersed state to the phase separation state in terms of the molecular dynamic properties. (d) EPR
spectra of dispersed (blue line) and biphasic (orange line) samples. The arrow indicates the EPR spectrum of the biphasic sample with 63 x magnification. The dispersed
sample was incubated in 50 mmol/L HEPES buffer containing 460 pmol/L peptide in the absence of polyU. The biphasic sample was incubated in 50 mmol/L HEPES buffer

containing 460 pmol/L peptide in the presence of 1 mg/mL polyU.

condensed phase presents challenges due to the broad line widths
resulting from the heightened viscosity and reduced molecular
motion within the condense phase. These factors make resonances
associated with the condensed phase difficult to detect above the
noise, requiring high protein concentrations [16]. Electron param-
agnetic resonance (EPR) spectroscopy is a powerful tool for inves-
tigation of structure and dynamics of macromolecules in solutions
[17]. The size and the dynamic regime of the protein under inves-
tigation is not a limit: either globular, membrane, and intrinsically
disordered proteins can be studied [18]. In this study, we selected
a minimal model of biomolecular condensates: a complex coac-
ervate formed by electrostatic interactions between peptides and
RNA. We labeled the peptide with a nitroxide spin label at an en-
gineered cysteine and studied the dynamic properties of the spin-
labeled peptide in the dispersed and dense phases using EPR spec-
troscopy. We demonstrated apparent line broadening in the dense
phase due to slow molecular tumbling; therefore, continuous-wave
(CW)-EPR spectroscopy is sensitive to phase separation. We also
observed three different populations with different molecular mo-
tions: peptides in the dense phase exhibiting slow motion, defined
as component IIl, and peptides in the dispersed phase that corre-
spond to fast motion and slower motion, defined as components [
and II, respectively. Based on EPR results, we report a hypothetic
schematic model for the LLPS of the peptide and RNA.

To gain a deeper understanding of the complex coacervate
formed by LLPS of these positively charged arginine-rich proteins
and RNA at the molecular level, here, we selected arginine-rich
peptides, which contain three RRASL sequences and were previ-
ously shown to undergo complex coacervation with RNA, as min-
imal models of biomolecular condensates [19]. EPR spectroscopy
is a powerful tool for measuring local changes in protein dy-
namics. EPR measurements require a paramagnetic probe, which
was introduced via site-specific attachment of a methanethiosul-
fonate spin label (MTSL) to an engineered cysteine; therefore,
we designed peptides carrying the desired mutations for spin la-
beling containing the RRASLRRACLRRASL sequence (Fig. 1a). We

started by preparing 1 mmol/L peptide solutions after the addition
of polyU, which resulted in phase separation and an opalescent
phase-separated solution. We also characterized the phase sepa-
ration of the peptides by microscopy using carboxytetramethylrho-
damine (TAMRA) labeling. In the presence of 1 mg/mL polyU, the
peptides formed micrometer-sized droplets. In control experiments
which were carried out in the absence of polyU, droplets were
not detected by microscopy. Phase separation also led to the fu-
sion of droplets, indicating their liquid-like nature (Fig. 1b). After
characterizing the LLPS macroscopic behavior of the peptides by
microscopy (Fig. S4 in Supporting information), we explored their
dynamic properties using EPR spectroscopy. First, we explored the
EPR characteristics of peptides in the dispersed phase state. The
CW-EPR spectrum of the peptides before phase separation shows
three narrow lines, which indicates fast molecular tumbling and
is expected for the disordered structure of the peptides in the dis-
persed phase state (Figs. 1c and d). Interestingly, the CW-EPR spec-
trum of the biphasic sample displays dramatically decreased sig-
nal intensities and line broadening, potentially a result of attenu-
ated motional narrowing under peptide-RNA and peptide-peptide
interactions (Figs. 1c and d). To compare the differences between
the spectra of the dispersed phase and biphasic samples, we ob-
tained the spectrum of the biphasic sample at 63 x magnification,
which revealed the presence of an additional, broader component
that was absent in the spectrum of the dispersed sample (Fig. 1d).
This component is indicative of a second population of peptide
molecules that experience slow molecular tumbling or increased
spin-spin interactions consistent with higher peptide concentra-
tions in the dense phase.

To assess the influence of the peptide concentration on the
phase separation at a fixed concentration of polyU RNA, we
recorded EPR spectra in the peptide concentrations ranging from
10 pumol/L to 1000 pmol/L. The EPR spectra show a concentra-
tion dependence. Surprisingly, the spectrum of the 50 pmol/L pep-
tide in the presence of polyU is very different from that of the
monomeric native peptide in the absence of polyU and displays



R. Wei, A. Liu, J. Kuang et al.

3305 3315 3325 3335 3345 3355 3365 3375
Magnetic field (Gauss)

Chinese Chemical Letters 36 (2025) 110029

3305 3315 3325 3335 3345 3355 3365 3375
Magnetic field (Gauss))

3305 3315 3325 3335 3345 3355 3365 3375
Magnetic field (Gauss)

b
10 umol/L : l' T T T
~—20 pumol/L T — : :——— : : ————Dispersed
=30 pumol/L Rir  V Gab
=40 umol/L.
—— 50 umollL 10 pmol/L.
60 umol/L
70 pumol/L Emm— e e st 20 pmol/L
80 umol/L.
—90 pmol/L _/\K'J\/’/\"—— 50 umol/L
150 pmol/L.
 m— sl — et 1 50 pmol/L.
3385 3308 3320 3332 3344 3356 3368 3380
Magnetic field (Gauss)
d
150 pumol/L
~———200 umol/L 150 pmol/L
250 umol/L.
350 pmol/L - N\ — 1200 pmol/L
440 pmol/L N
—— 460 pmol/L ——E ‘/\/' ~\ 1250 umollL
——/\/\/—’\——-— 350 pmol/L.
440 pmol/L
= "\ a0 pmol/L
85 3308 3320 3332 3344 3356 3368 3380
£ Magnetic field (Gauss)
460 pmol/L
——480 umol/L 460 umol/L
———500 pmol/L
800 pumol/L e — - —
~——1000 pmol/L ) f#60 ol
/\ — 1500 pumol/L
800 pmol/L,
AL i\t
V| p—t | fr 1000 pmol/L
Vi (B[}
3385 3308 3320 3332 3344 3356 3368 3380

Magpnetic field (Gauss)

Fig. 2. EPR spectra of the peptide in 50 mmol/L HEPES buffer at different concentrations in the presence of 1 mg/mL polyU. Changes in the signal intensity of the EPR spectra
at low, higher, and high peptide concentrations (a, ¢, and e, respectively). Arrows indicate the signatures in the spectrum of the three different components: a fast motion
component (I), a slower motion component (II) and an immobile component (III). The insets show a magnification of the regions marked with arrows. Scaling of the spectra
to the same intensity of the central line shown in the monomeric peptide spectrum (gray line) enables clear comparison of EPR spectrum broadening at low, higher, and

high peptide concentrations (b, d, and f, respectively).

decreased signal intensities and line broadening (Figs. 2a and b,
Fig. S5 in Supporting information). However, we do not observe
any liquid droplets at a peptide concentration of 50 umol/L in the
presence of polyU, which is well below the LLPS transition concen-
tration, as shown in Fig. S4 (Supporting information). Here, we as-
signed component I to dispersed peptides (monomeric native pep-
tides) on the basis of its similar EPR spectrum to that of a highly
mobile nitroxide, and we assigned component II to peptides ex-
periencing a slower motion at low concentrations when mixed
with polyU. We excluded the possibility that the broadening of
the component II spectra was attributed to phase separation since
polyU does not induce peptide phase separation at low concen-
trations. The simplest explanation for the line broadening of com-
ponent II would be a weak interaction of the peptide with RNA,
but this weak interaction is not sufficient to induce phase separa-
tion of the peptide at low peptide concentrations; consequently,
component II is characterized as binding solely to RNA without
entering a phase-separated state, remaining in a dispersed phase
state. At low concentrations (e.g., in the 10-150 pmol/L concentra-
tion range), the spectra exhibit a clear increase in the spectral sig-
nature of component II. At high concentrations (e.g., in the 200-
1000 pmol/L concentration range), the spectra exhibit clear fea-
tures of multiple components, with some indicative of highly re-
stricted motion, exhibiting new signatures and more pronounced
broadening than component II; this is, component III (Fig. 2c). In-
terestingly, the appearance of component IIl is concomitant with
an apparent phase transition, as observed by a white/opaque tran-

sition and liquid droplet formation, as shown in Fig. S4 (Support-
ing information); therefore, the component III spectra display more
significant line broadening, potentially as a result of phase separa-
tion. LLPS-induced line broadening in EPR spectra was previously
observed for several intrinsically disordered proteins [20-22]. The
increase in the component IIl signature with increasing concentra-
tion from 200 pmol/L to 460 pmol/L is associated with a decrease
in the component II signature (Fig. 2c and Fig. S6 in Supporting
information), and the broadening of the spectral lines becomes in-
creasingly obvious, possibly because an increasing number of pep-
tides in component II are transformed into component Il with
more restricted motion (Fig. 2d). Furthermore, we observed the
changes in the EPR spectra at 480-1000 pmol/L peptide concen-
trations and found that the component III signature signal inten-
sity no longer increased with increasing peptide concentration but
stabilized, suggesting that the peptides in the dense phase were
largely saturated (Fig. 2e and Fig. S7 in Supporting information). In
addition, we also noticed that the EPR spectrum was rather nar-
row and similar to that of the dispersed phase (monomeric native
peptide) (Figs. 2e and f). We speculate that upon reaching satura-
tion in the dense phase, some peptides enter the dispersed phase.
The fraction of peptides within the dense phase exhibiting extreme
line broadening minimally contributes to the overall signal, leaving
only the signals from the dispersed phase.

After establishing the presence of three distinct dynamic com-
ponents, we proceeded to explore their relationship to LLPS. Here,
we present a hypothetic schematic model for the LLPS (Fig. 3a).
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Fig. 3. Hypothetic schematic model for the LLPS of peptides and RNA. (a) Hypothetic schematic illustration of the formation of coacervates between peptides and RNA. (b-g)

EPR spectra corresponding to each phase separation stage.

First, the monomeric native peptides as component I are in the
dispersed phase, exhibiting fast molecular tumbling, and the EPR
spectrum is relatively narrow (Fig. 3b). Subsequently, RNA, a long
polyU that carries many negative charges, can bind to arginine-
rich peptides and convert peptides into peptide/RNA coacervates
by electrostatic interactions. Titration of a smaller amount of pep-
tides into a fixed concentration of RNA does not result in phase
separation of the peptides but rather the formation of the oligomer
that is only bound to RNA, that is, component II, which is still in
the dispersed phase state (Fig. 3c). This shows that component II
is a transition form before phase separation. As the peptides are
titrated, the newly added peptides occupy the negative charges on
the RNA chain, causing component II to transform into compo-
nent III in the dense phase. A high concentration of peptides in
the dense phase leads to spin-spin interactions, resulting in the
EPR spectrum of component IIl being broader than that of com-
ponent II. Next, component Il is consumed, while component III
increases, which is consistent with the result that the EPR spec-
trum gradually broadens (Figs. 3d-f). However, when the peptide
concentration reaches 460 pmol/L and component III in the dense
phase was saturated, the spectrum shows a clear multicomponent
feature, which we believe is due to the fact that there is still a
very small amount of component II that will not be consumed and
converted into component III, but remains in the dispersed phase.
Finally, the newly added peptides enter the dispersed phase and
exist in component I form. The total EPR signal of the biphasic
sample is a combination of signals from component I, Il and III.
The signal from component I obscures the broadened signal from
component III and the signal from minimal component II, resulting
in the appearance of three narrow peaks (Fig. 3g).

Interestingly, low RNA concentrations support the formation
of condensates, whereas RNA at a sufficiently high concentra-
tion can dissolve reconstituted condensates [23]. For instance, FUS
molecules bind to RNA molecule, inducing phase separation, but

the highest concentrations of RNA lead to decreased phase separa-
tion [13]. We also tested the effect of the polyU RNA concentration
on phase separation. The extent of phase separation was slightly
affected by a decrease in the polyU concentration from 1 mg/mL to
0.5mg/mL (Fig. S8 in Supporting information). Titration down to
0.5mg/mL of RNA resulted in more pronounced broadening of the
EPR spectrum of the 400 pmol/L peptide than titration down to
1mg/mL of RNA, indicating that more peptides entered the dense
phase and that the greatest extent of phase separation occurred.
Therefore, high RNA concentrations inhibit phase separation.

In this work, EPR spectroscopy was used to provide detailed
information on the motion of individual molecule inside coacer-
vates. We demonstrated that EPR is sensitive to phase separation
and that the EPR spectrum of spin-labeled peptides in the dense
phase exhibited apparent line broadening due to slow molecular
tumbling. In addition, EPR was able to detect the entire phase
separation process and revealed three components: a fast motion
component (I), a slower motion component (II) and an immobile
component (III). Peptide phase separation is induced by the polyU.
This process does not operate via a binary "on/off" mechanism but
rather via steady advancement. Before phase separation, peptides
are not present as monomers but instead exist as oligomers that
bind to RNA (II). Component II transition into component III due to
an increasing number of peptides binding to a single RNA chain,
which initiates phase separation. During phase separation, com-
ponent II gradually converts into component Il until saturation is
reached. Following this, the level of component III stays consistent,
and surplus peptides are present in a dispersed state. This offers
a detailed explanation for the phase separation of biomolecules.
Furthermore, we noticed that high RNA concentrations inhibited
phase separation.

In summary, we reported the application of SDSL-EPR method
in detection and characterization of LLPS processes. Detailed char-
acterization of dynamics properties during LLPS was realized by
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analysis of EPR spectral line broadening, which originates from
different motional states of spin-labeled molecules during LLPS.
This method can be readily applied to the detection and quanti-
tative studies of other LLPS systems. Indeed, we applied SDSL-EPR
method in analyzing the LLPS process of a poly-arginine (PolyR)-
ATP system, in which the PolyR peptide was spin-labeled and
LLPS occurred in the presence of ATP (Fig. S9 in Suppporting in-
formation). The successful application of this method within the
PolyR-ATP system further demonstrates the excellent applicability
of SDSL-EPR approach, which can be widely applied to the analysis
of dynamic characteristics during the LLPS process.
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