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ABSTRACT: Bulk-level measurements of dynamics have suggested that phase-separated, protein−nucleic acid rich droplets
can be viewed as simple liquids. In this report, we show that histone proteins spontaneously phase separate into liquid-like
droplets in the presence of DNA. Using super-resolution ﬂuorescence microscopy, we ﬁnd that molecular transport in these
droplets is non-Fickian (subdiﬀusive) at nanoscopic length scales. This observation cannot be explained by charge−charge
interactions. Instead, our results strongly suggest that cation−π interactions drive the non-Fickian behavior. Given the ubiquity
of cationic and aromatic moieties in protein−nucleic acid rich liquid-like phases observed in cells, we anticipate that non-Fickian
diﬀusion is a general transport mechanism in such phases.

W

troscopy (FLCS)14 to measure small molecule diﬀusion in
protein−DNA droplets. STED-FLCS allows the observation
spot size (d) not only to be systematically controlled but also
downsized well below the diﬀraction limit of light, giving
unique access into the real-space dynamics occurring at the
nanoscopic length scale.14−17
The proteins involved in liquid−liquid phase separation
typically feature repetitive folded domains and/or unstructured
sequences rich in charged residues (intrinsically disordered
regions, IDR).3−6 Histones, key chromatin structural proteins,
have extended IDRs with high lysine and arginine (positively
charged amino acids) content at the C-terminal domain (linker
histone; H1) or the N-terminal domain (core histones; H2A,
H2B, H3, H4; Figure S1a,b).18,19 Therefore, we predicted that
histones can undergo liquid−liquid phase separation in the
presence of DNA. To mimic the multicomponent nature of the
intracellular environment, a natural mixture of histones
comprising the linker as well as the core histones (histonemix)
was ﬁrst employed. In presence of DNA and low salt (<300
mM), we ﬁnd that histonemix forms droplets at room
temperature. The liquid-like behavior is evident from fusion
events between neighboring droplets and relaxation of the
resulting droplets, which occurs within tens of seconds (Figure

hen mixed in solution, oppositely charged polymers can
assemble to form a distinct liquid-like phase, also called
the complex coacervate phase.1 In cells, membraneless
organelles rich in proteins and RNA are thought to form via
a similar mechanism termed liquid−liquid phase separation.
Such organelles show liquid-like behavior2 and allow for
transient compartmentalization, enhanced catalysis, and
responsiveness to external cues.3−6 These observations raise
questions about the associated dynamics given the relevance of
transport properties of proteins, nucleic acids, and small
molecules in these processes. In particular, the transport
mechanism is of interest, as electrostatic interactions and
physical barriers arising from the polymer network could
dominate diﬀusion, though accessing the relevant length scales
is experimentally challenging. Bulk-level measurements of
diﬀusion rates (merging dynamics, particle tracking, ﬂuorescence recovery after photobleaching (FRAP), rheology)2,7−11 have suggested that such phases are simple liquids
that can be characterized by a single viscosity. However, this
assumes that diﬀusion is Fickian, though no experimental
evidence for this assumption has been reported.
An accurate characterization of the transport properties must
access diﬀusion on length scales comparable to the mesh size
of the polymer network12 as well as the screening length of
electrostatic interactions.13 To address this, we employ superresolution microscopy based on stimulated emission depletion
(STED) coupled with ﬂuorescence lifetime correlation spec© XXXX American Chemical Society
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Figure 1. Molecular diﬀusion in histone-based droplets. (a) Bright-ﬁeld microscopy images of histonemix-ssDNA droplets undergoing fusion and
relaxation. Scale bar = 5 μm. (b) 3D-confocal image showing partitioning of Rho123 into histonemix-ssDNA droplets. (c) STED-FLCS
autocorrelation functions, G(τ), for diﬀerent observation spot sizes, d. The correlation curves shift to faster time scales as d is downsized. (d)
Dependence of Dapparent values, obtained after calibrating for beam parameters, on d. This trend is not consistent with Fickian diﬀusion, which is
length scale independent.

Figure 2. Molecular diﬀusion in PLL-based droplets. Bright-ﬁeld microscopy images of (a) PLL-ATP droplets, (b) PLL-ssDNA droplets, and (c)
PLL-ATP-ssDNA droplets, ∼2 h after mixing the components. (d) Dapparent as a function of d obtained from STED-FLCS for Rho123 in PLL-ATP
(black), PLL-ATP-ssDNA (orange), and PLL-ssDNA (blue) droplets. In absence of DNA, the diﬀusion is Fickian (ΔD = 1). In the presence of
DNA, the diﬀusion is non-Fickian and shows a marked decrease in Dapparent (ΔD = 0.4). ATP does not inﬂuence the diﬀusion mechanism. However,
the Dapparent is higher in ATP containing droplets. In presence of ATP droplet merging dynamics are also faster (Figure S7).

(demonstrated for free Rho123 diﬀusing in DMSO (Figure
S3)). In the histonemix-ssDNA droplets, Dapparent of Rho123
decreases from 0.30 ± 0.06 μm2/s at d = 224 nm to 0.13 ±
0.02 μm2/s at d = 35 nm (Figure 1d). To quantify the nonFickian behavior we calculate the change in Dapparent from 200
to 100 nm by ΔD = D100nm/D200nm (ΔD = 1 for Fickian
diﬀusion, ΔD < 1 for subdiﬀusion). For histonemix-ssDNA
droplets ΔD = 0.5, indicating subdiﬀusion. This reﬂects an
underlying trajectory that is heterogeneous in which the probe
molecule has periods of trapped motion followed by periods of
free diﬀusion.20 The Dapparent value does not plateau at small
length scales, suggesting that the heterogeneity of the
trajectory is below 35 nm.
In order to determine the source of heterogeneity in
diﬀusion and the potential role of molecular interactions, we
performed STED-FLCS in poly-L-lysine (PLL)-based droplets.
PLL is composed of only lysines, which are the main cationic
amino acid residues in the IDRs of histones. It phase separates
into liquid droplets with adenosine triphosphate (ATP,
negatively charged), under lysine amino to ATP phosphate
ratio (N/P) ∼ 1 (Figure 2a). Furthermore, PLL forms droplets
both with and without DNA (Figure 2a−c), making it feasible
to study the role of DNA in the phase separation and transport
properties inside the droplets. Interestingly, the diﬀusion of

1a). The size distribution of the droplets is broad, with some
droplets having coarse appearance (Figure S1c). This is
possibly due to diﬀerent stoichiometry of DNA binding to
individual histones leading to uneven demixing of the primary
histone-DNA complexes.
To measure molecular transport within the histonemixssDNA droplets Rhodamine 123 (Rho123, positively charged)
was employed (Figure 1b). For the diﬀraction-limited
observation spot (d = 224 nm), FLCS measurement gives a
transit time, τtransit, of 40 ms (Figure S2, also see section 7 of
the Supporting Information and ﬁgures referenced therein for
ﬁtting procedure and model). This value was used to compute
an apparent diﬀusion coeﬃcient (Dapparent = d2/4τtransit) of 0.30
± 0.06 μm2/s for the chromophore diﬀusing inside the
droplets (Figure 1c,d). This value is relatively fast, despite the
observed slow droplet merging dynamics (Figure 1a). The fast
Dapparent can be attributed to the chromophore being
signiﬁcantly smaller than the mesh size of the polymer
network.12 Coupling FLCS with STED excitation, we measure
Dapparent for several observation spot sizes ranging from d = 224
nm down to d = 35 nm (Figure 1c,d). Contrary to
expectations, Dapparent of Rho123 shows a clear dependence
on the length scale being measured. This is not consistent with
Fickian diﬀusion, which is independent of the length scale
1221
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Figure 3. Role of molecular structure in probe diﬀusion in PLL-based droplets. Dapparent as a function of d obtained from STED-FLCS for (a)
negative, (b) positive, (c) zwitterionic, and (d) neutral chromophores. The curves for G(τ) for diﬀerent d are provided in Figures S12−S25. The
diﬀusion mechanism of all chromophores is Fickian when DNA is not present in the droplet. In presence of DNA, the diﬀusion is non-Fickian
regardless of the net charge of the chromophore. However, chromophores with bulky side groups (highlighted in gray) attached to the core fused
ring structure tend toward Fickian diﬀusion. The corresponding τtransit values are shown in Figure S8. (e) Box plot of ΔD, indicating mean (red
line), standard deviation (blue box), and data spread (black errorbar) for each system studied.

Next, we test the role of molecular structure on diﬀusion.
Since Rho123 is charged, as are the two main components of
the droplets, the hypothesis was that long-range electrostatic
interactions between the probe molecule and the surrounding
matrix give rise to non-Fickian diﬀusion.23 The diﬀusion of a
series of dyes that are negatively charged (Alexa Fluor 488
(AF488), ATTO488, net negative charge), positively charged
(Rho123, Rho6G), zwitterionic (Rho110, RhoB), and neutral
(Nile Red) was measured. In PLL-ATP-DNA droplets, all
probes, regardless of their overall charge, show non-Fickian
diﬀusion (Figures 3 and S8). This observation indicates that
long-range charge−charge interactions do not contribute to the
non-Fickian behavior. A closer inspection of STED-FLCS data
reveals ΔD on the order of 0.4 for probes that do not have
bulky side groups on the core fused ring of the chromophore
(AF488, ATTO488, Rho123, Rho110). On the other hand,
probes with bulky side groups (Rho6G, RhoB) show a ΔD on
the order of 0.7, thus, tending toward Fickian diﬀusion. In
concert, Nile Red, a neutral chromophore with only one bulky
side group, shows an intermediate decrease of ΔD = 0.6. The
core fused ring structure of the probes used in these
experiments is a π-electron rich system that is capable of
interacting with positively charged lysine residues via cation−π
interactions.24 Moreover, the short-range and directional

Rho123 in PLL-ATP droplets is Fickian while in ssDNA
containing droplets the diﬀusion is non-Fickian, both with or
without ATP (Figure 2d). This indicates that the presence of
DNA facilitates interactions that lead to non-Fickian transport
of small molecules. Similar experiments were carried out on
systems containing dsDNA, which form coarse condensates
that have signiﬁcantly slower merging dynamics compared to
droplets formed with ssDNA (Figures S4 and S5). Compared
to ssDNA, dsDNA, due to its base-paired nature, is much more
rigid and has higher linear charge density, which is unfavorable
for liquid droplet formation.21 However, the molecular
diﬀusion was similar to the ssDNA containing droplets, both
in rate and mechanism (Figure S6).
We note that both bulk-level droplet merging time scales
(Figure S7) and molecular transport (Figure 2d) suggest that,
in the presence of ATP, the droplets are more dynamic (PLLATP > PLL-ATP-ssDNA > PLL-ssDNA). This is consistent
with recent ﬁndings that ATP can act as a hydrotrope, helping
to solubilize biological macromolecules.22 However, we do not
see a direct correlation between merging dynamics and
molecular transport. This is likely due to the dependence of
molecular transport on speciﬁc interactions between the
chromophore and the surrounding polymer network, which
may not be reﬂected in bulk merging dynamics.
1222
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Figure 4. Potential source of non-Fickian diﬀusion in protein-nucleic acid liquid-like droplets. Cartoon of the physical framework in a liquid-like
phase showing the IDRs of proteins transiently cross-linked by DNA. Molecular interactions that underlie the phase behavior include charge−
charge and cation−π interactions (right). Short-range cation−π interactions between aromatic groups (either small molecules, nucleic acids, or
amino acids) and cationic groups on the polymer network signiﬁcantly hinder molecular diﬀusion, leading to pronounced non-Fickian diﬀusion
that depends strongly on the presence of bulky side groups on the aromatic ring (bottom). As aromatic moieties are common in proteins and
nucleic acids, non-Fickian diﬀusion driven by cation−π interactions could be a common transport property in protein−nucleic acid phase-separated
droplets.

mobility), the multivalent electrostatic interactions are not
strong enough to form eﬀective cross-links between several
polymer chains simultaneously. When DNA is replaced by
poly-DL-glutamate (PRE, negatively charged), which forms
droplets both with and without ATP, we observe similar
behavior (Figure S10). This suggests that non-Fickian
molecular transport is a general feature of droplets formed
from mixing oppositely charged polymers.
The results presented here oﬀer unique insights into the
mechanism of molecular transport in protein-nucleic acid
liquid-like phases. Contrary to expectations, we ﬁnd that even
small molecules can undergo non-Fickian diﬀusion in such
phases. For molecules containing aromatic ring structures this
can be attributed to short-range cation−π interactions with
positively charged residues of the polymer network. This is
likely a general feature of small molecule cofactors like ATP,
nucleic acids, and proteins diﬀusing within protein-nucleic acid
rich membraneless organelles. Non-Fickian diﬀusion of
molecules can have signiﬁcant implications on the biological
role of liquid−liquid phase separation. Speciﬁcally, reactions
carried out under conditions of conﬁned geometries and
subdiﬀusion can enter a regime of geometry-controlled
kinetics,26 where the spatial organization of reactants can
enhance reaction kinetics by orders of magnitude. Such
mechanisms can play an important role in gene transcription
kinetics as it has been suggested that the genome function is
aﬀected by the dynamic spatial organization of genes.27
Furthermore, liquid−liquid phase separation has been
proposed as a potential mechanism by which chromatin is
organized into domains while remaining dynamic and
accessible to proteins.28−30 Recently, the ability of the
heterochromatin protein, HP1, to form liquid-like phases was

nature of cation−π interactions (lysine must be perpendicular
to the ring structure) means bulky side groups on the
chromophore can readily disrupt the interaction. The
observation that the diﬀusion mechanism does not depend
on the net charge of the molecule but is sensitive to bulky side
groups on the ring structure strongly suggests that the nonFickian diﬀusion arises from cation−π interactions. Cation−π
interactions have been implicated as a driving force in liquid−
liquid phase separation of IDR-rich proteins.13 Since the IDRs
of histones are rich in cationic residues,18,19 these interactions
are the most likely source of non-Fickian diﬀusion in the
liquid-like phases of histones and proteins rich in cationic
residues in general.
The role of DNA in facilitating subdiﬀusion provides insight
into the structural properties of protein-nucleic acid liquid-like
phases. In the absence of DNA, the liquid-like phase can be
viewed as a polymer solution in the semidilute regime,12 where
excluded volume repulsions between chains prevent entanglements and the polymer network remains highly dynamic.
These conditions are not favorable for cation−π interactions
that are short-range and anisotropic.24 However, in associating
polymers, transient cross-links can form which concentrate the
polymer chains and slow the network dynamics.25 The increase
in polymer concentration and reduced dynamics observed in
DNA containing droplets (Figure S9) suggests that DNA acts
as a transient cross-linker, facilitating cation−π interactions
(Figure 4). In the absence of DNA, when droplet formation is
facilitated solely by ATP, lower levels of polymer partitioning
and faster Dapparent are observed (Figures 2 and S9). This
suggests that, in absence of DNA, the polymer chains are not
suﬃciently compacted in order to drive subdiﬀusion. This is
possibly due to the much smaller size of ATP (hence higher
1223
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suggested to play a role in heterochromatin domain
formation.29,30 Within this context, we note that H1, a linker
histone that is found in higher concentrations in heterochromatin31,32 and can bind HP133 also forms liquid-like
droplets in the presence of both ssDNA and dsDNA (Figure
S11). The H1-based droplets are more dynamic compared to
that of histonemix (Figures 1a and S11), possibly due to higher
number of cationic residues and more structural disorder
compared to core histones (Figure S1a,b). Based on our
observations, we propose that liquid−liquid phase separation
of histones, in particular that of H1, contributes to domain
organization of chromatin. The liquid-like nature of the
resulting droplets and the non-Fickian molecular transport
properties can have implications on properties ranging from
DNA accessibility to transcription kinetics.
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