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Biomolecular condensates provide distinct compartments that can
localize and organize biochemistry inside cells. Recent evidence
suggests that condensate formation is prevalent in the cell nu-
cleus. To understand how different components of the nucleus
interact during condensate formation is an important challenge.
In particular, the physics of co-condensation of proteins together
with nucleic acids remains elusive. Here we use optical tweezers
to study how the prototypical prion-like protein Fused-in-Sarcoma
(FUS) forms liquid-like assemblies in vitro, by co-condensing to-
gether with individual DNA molecules. Through progressive force-
induced peeling of dsDNA, buffer exchange, and force measure-
ments, we show that FUS adsorbing in a single layer on DNA
effectively generates a sticky FUS–DNA polymer that can collapse
to form a liquid-like FUS–DNA co-condensate. Condensation oc-
curs at constant DNA tension for double-stranded DNA, which is a
signature of phase separation. We suggest that co-condensation
mediated by protein monolayer adsorption on nucleic acids is an
important mechanism for intracellular compartmentalization.

optical tweezers | biomolecular condensates | co-condensation | FUS | DNA

Many cellular compartments that provide distinct biochem-
ical environments are not separated by a lipid membrane.

An important class of such membraneless compartments is
formed by the condensation of proteins and other components
in dynamic assemblies called biomolecular condensates (1–3).
Biomolecular condensates increase the local concentration of
their components, which can lead to substantially accelerated
biochemical reactions (4, 5). Condensates that form beyond a
saturation concentration can buffer the cellular concentration of
molecules while at the same time clamping the concentration
of phase-separated components inside (6). Biomolecular
condensates could also localize reaction components, and by
excluding molecules from condensates they can contribute to
enhance specificity of biochemical processes. The formation
of biomolecular condensates often relies on the existence
of low-complexity domains (LCDs) (7–10). Condensates can
show liquid-like material properties: they deform under shear
stress, fuse, round up, and exchange their constituents with the
environment (11–13).

Many condensed structures play essential roles in nuclear
organization. For example, heterochromatin is a dense form of
chromatin in which DNA co-condenses with specific factors as
well as nucleosomes to form transcriptionally silent domains of
chromatin (14–18). Furthermore, transcriptional hubs, or con-
densates, are dense and dynamic assemblies of transcription
factors, associated proteins, DNA, and RNA. Such condensates
have been suggested to play an important role in the genera-
tion of transcriptional hubs that could coordinate the expres-
sion of several genes and mediate enhancer function (19–23).
Recently, it was shown that a pioneer transcription factor can
form co-condensates together with DNA in vitro (24). Some

membraneless compartments in the cell nucleus, such as the nu-
cleolus, show all the features of liquid-like condensates (25, 26).
However, for the majority of smaller nuclear compartments, the
physical mechanisms by which they form remain controversial.
In particular, the physicochemical mechanisms that drive co-
condensation of proteins together with nucleic acids remain not
well understood.

A prominent nuclear condensate is formed after DNA dam-
age, where multiple proteins come together at the damage site
to repair DNA (27, 28). Early components of the DNA damage
condensate are members of the FET family such as the prion-
like protein Fused-in-Sarcoma (FUS) (8, 29, 30). FUS has been
shown to form liquid-like condensates in bulk solution at μM
FUS concentrations (8, 31). However, its role in forming DNA
repair compartments remains unknown.

FUS is a modular protein that consists of a nucleic acid bind-
ing domain (RNA Binding Domain [RBD]) containing various
nucleic acid binding motifs such as an RNA recognition motif
(RRM), a zinc finger motif, and two largely disordered R/G-rich
regions implicated in nucleic acid binding (32). In addition, FUS
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contains an intrinsically disordered LCD that mediates FUS self-
interaction (33, 34). FUS is involved in a multitude of physio-
logical intracellular processes related to nucleic acid metabolism,
for example, transcriptional regulation (35, 36), mRNA splicing
(37), processing of noncoding RNA (38), DNA damage response
(27–29, 39), ensuring mRNA stability (40), mRNA trafficking
(41), and regulation of mRNA translation under stress conditions
(42). FUS also forms higher-order aggregated and oligomeric
assemblies in a set of neurodegenerative disorders (8, 29, 43).

While performing its physiological tasks, FUS typically acts
in dynamic assemblies that are formed with or on nucleic acids
or nucleic acid–like polymers. In the context of DNA damage,
the formation and dissolution of FUS condensates depends on
the presence or absence of poly(ADP ribose) (PAR), a DNA-
like sugar polymer produced by PAR polymerases (8, 27, 29, 30,
39). Other examples for FUS-enriched condensates are stress
granules, which are liquid-like, dynamic cytoplasmic hubs that
form upon heat stress (8, 42, 44), or nuclear granules, which are
associated with transcription and splicing (8, 45).

To investigate the physics underlying FUS–DNA condensate
formation, we devised an in vitro assay based on optical tweezers
combined with confocal microscopy. This allowed us to manipu-
late single DNA molecules in the presence of FUS protein in so-
lution, image FUS proteins associating with the DNA molecule,
and at the same time control and measure pN forces exerted on
the DNA. Together, we reveal a mechanism of protein–nucleic
acid co-condensation that is mediated by the adsorption of a
protein monolayer on DNA.

Results
We established a biophysical assay based on optical tweezers
and confocal microscopy to investigate collective interactions
between FUS and DNA. For this, we exposed individual λ-
DNA molecules stretched between two polystyrene beads each
held in place in an optical trap to FUS-EGFP (from here on
called “FUS”) inside a microfluidics flow chamber (Fig. 1A).
Scanning confocal fluorescence microscopy was used to visualize
the binding of FUS to DNA (49–51). We first trapped two
streptavidin-coated polystyrene beads, which were then used
to catch and stretch a lambda phage double-stranded DNA
(dsDNA) molecule that was biotinylated at the two termini of
only one of its two complementary strands. Next, we verified that
indeed only a single DNA molecule was stretched by evaluating
the mechanical properties of the connection and comparing it to
the properties of a single λ-DNA molecule. Finally, we exposed
the stretched DNA molecule to bulk FUS protein while imaging
the system with a scanning confocal fluorescence microscope.

To study how FUS interacts with single-stranded DNA (ss-
DNA) and dsDNA, we exposed FUS to λ-DNA in different
mechanical and structural states. The relationship between me-
chanical and structural properties of DNA is reflected in its
force–extension curve (Fig. 1B) (51–54). At extensions (i.e., end-
to-end distances) of up to about 0.9 times the contour length of
the molecule (16.5 μm for λ-DNA) and at forces below ∼10 pN,
DNA behaves as an entropic spring. We refer to this regime as
relaxed. At higher forces and at extensions that are similar to
the contour length, the DNA molecule behaves like a Hookian
spring. At extensions significantly higher than the contour length,
the DNA molecule is overstretched. In this regime, a progressive
increase of the end-to-end distance of the molecule results in a
progressive conversion of dsDNA to ssDNA while DNA tension
remains constant at around 65 pN. In this process, ssDNA is
peeled off, starting at free ssDNA ends. Free ends exist at nicks
in the DNA backbone and at the ends of the dsDNA molecule.
Note that the transition from B to S-DNA does not occur un-
der the conditions used in this work (54). The overstretched
DNA molecule then consists of three distinct structural types of
DNA: sections of stretched dsDNA interspersed with sections of
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Fig. 1. FUS forms co-condensates with ssDNA. (A) Schematics depicting
the assembly and geometry of the optical tweezers-based assay. Steps for
setting up the experiment in the flow chamber: 1) optical trapping of two
Streptavidin-coated polystyrene beads, 2) catching of a λ-DNA molecule,
3) testing for a single DNA molecule, and 4) mechanical manipulation of
the DNA in presence of FUS. (B) DNA mechanics and structure underlying
our approach to study formation of FUS–ssDNA and FUS–dsDNA conden-
sates. Investigation of FUS–dsDNA condensates is based on relaxed DNA.
Investigation of FUS–ssDNA condensates is based on the gradual generation
of peeled off ssDNA during DNA overstretching. See also Movie S1. (C)
Snapshots and kymograph showing FUS–DNA interaction and FUS–ssDNA
condensate formation during overstretching of DNA at 100 nM FUS. Note
that the condensation propensity of FUS has been shown to be independent
of the GFP tag (48–48). (Scale bar: 4 μm.) (D) Schematics depicting DNA
overstretching in presence of FUS. FUS homogeneously coats stretched
ssDNA and dsDNA and forms condensates with peeled relaxed ssDNA.

stretched ssDNA (both load-bearing and at tensions of ∼65 pN),
with peeled and protruding ssDNA at the interfaces (Fig. 1 B,
Insets). The ratio between dsDNA and ssDNA is defined by the
end-to-end distance to which the DNA molecule is overstretched.
In this work, we used relaxed dsDNA to study the formation of
FUS–dsDNA co-condensates, and we made use of peeled ssDNA
protruding from overstretched DNA to study the formation of
FUS–ssDNA co-condensates.

FUS Forms Co-condensates with ssDNA. To first investigate the
interactions of FUS with ssDNA, we used optical traps to hold
in place a single λ-DNA molecule extended to its contour length
of 16.5 μm and transfer it into a microfluidics channel containing
100 nM FUS. Subsequently, we progressively increased its end-
to-end distance to induce overstretching.

We observed that FUS attached to DNA in a spatially homo-
geneous manner upon transfer of the DNA molecule to the FUS
channel (Fig. 1C and Movie S1). When the DNA end-to-end
distance was increased to achieve overstretching, the originally
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homogenous coverage of DNA by FUS became interspaced
by regions that exhibited lower fluorescence intensity. At the
interface between regions of higher and lower FUS intensity,
FUS puncta emerged. When we increased the DNA end-to-
end distance further, the length of regions with higher intensity
decreased while the length of lower-intensity regions increased.
Concomitantly, the FUS puncta at the region interfaces grew
in FUS intensity. Regions with high FUS intensity correspond
to FUS unspecifically bound to stretched dsDNA (Fig. 1D).
Regions with low intensity correspond to FUS bound to stretched
ssDNA as these appear only during overstretching and grow with
progressing overstretching (see SI Appendix, Fig. S2 for binding
curves of FUS on stretched ssDNA and dsDNA). We interpret
FUS puncta at interfaces between the low- and high-density
FUS regions as co-condensates of FUS with ssDNA and provide
evidence for condensation in the following sections. As the DNA
is progressively overstretched, more and more peeled ssDNA
is available, leading to growth of FUS–ssDNA co-condensates.
We conclude that during overstretching, FUS binds to DNA
in a manner that depends on the structural state of DNA: it
homogeneously binds to dsDNA and ssDNA under tension and
forms condensates together with peeled ssDNA that is not under
tension.

FUS–ssDNA Co-condensate Formation Is Reversible. In what follows,
we set out to study whether FUS–ssDNA co-condensates reca-
pitulate typical dynamic properties of biomolecular condensates
observed in vivo. We first investigated the reversibility of the for-
mation of FUS–ssDNA co-condensates. To test if FUS–ssDNA
co-condensates can be dissolved by the removal of ssDNA, we
performed a repetitive stretch–relax experiment consisting of
two subsequent overstretch–relaxation cycles. The approach was
based on the rationale that overstretching progressively gen-
erates free and peeled ssDNA available for co-condensation,
while relaxation progressively removes it. We first overstretched
a DNA molecule in presence of 100 nM FUS, by increasing
its extension from 17 to 21 μm at a speed of 0.1 μm/s. The
molecule was then relaxed again, followed by a second over-
stretch cycle. We recorded the spatiotemporal distribution of
FUS along the entire molecule throughout the process (Fig. 2A
and Movie S2). In the example shown, we observed the formation
of a condensate originating from a nick and a free terminal end
on the right-hand side of the DNA molecule during the first
overstretch. The size and brightness of condensates increased
with progressive overstretching, in agreement with the findings
presented in Fig. 1B. During the subsequent relaxation cycle,
the size and brightness of condensates decreased progressively
until they completely disappeared. Notably, condensates formed
at precisely the same locations and with essentially the same dy-
namics during the second overstretching cycle as they did during
the first one. We conclude that FUS–ssDNA co-condensates can
be dissolved by removal of available ssDNA.

To study if FUS–ssDNA co-condensates can be dissolved by
the removal of free FUS from the environment, we performed
binding–unbinding experiments by first overstretching a DNA
molecule to 20 μm extension in absence of free FUS protein
before moving it into (binding), out of (unbinding), and again
into (rebinding) the FUS protein channel (Fig. 2B). We observed
that in the binding process and upon entering the protein channel
with 100 nM FUS, co-condensates rapidly formed, with a time
scale that was below the temporal resolution of our imaging setup
(0.5 s). Condensate formation was less rapid at lower concentra-
tions of FUS (Fig. 2C). In the unbinding process and in absence
of free FUS protein, the size and brightness of condensates
decreased progressively. Notably, the intensity–time traces of
condensate dissolution deviated from simple single-exponential
behavior, indicating that multiple types of interaction might
be involved in stabilization of FUS–ssDNA co-condensates
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Fig. 2. FUS–ssDNA co-condensate formation is reversible. (A) Snapshots and
kymograph of repetitive overstretching experiments showing reversibility
of condensate formation with respect to availability of an ssDNA scaffold.
See also Movie S2. (Scale bar: 4 μm.) (B) Representative kymograph showing
reversibility of FUS–ssDNA condensate formation with respect to availability
of FUS tested in buffer exchange experiments. (C) Intensity–time traces of
FUS–ssDNA condensates at different FUS concentrations during the binding
and the unbinding step of the buffer exchange experiment. p.c., photon
count. Mean ± STD. (D) Unbinding rates for condensates formed at different
initial FUS concentrations. (Inset) Intensity–time traces fitted with single and
double exponentials. Error bars show 95% confidence intervals.

(Fig. 2D). Interestingly, within 480 s of observation time, conden-
sates did not disappear completely. It is possible that high local
concentrations of FUS inside FUS–ssDNA condensates (∼5μM;
SI Appendix, Fig. S2B) enable long-lived interactions involving
the RRM and LCD domains of FUS (8, 10, 55). We suspect
that the associated aged or glassy state of FUS is responsible for
slow unbinding time constants. Upon reexposure to free FUS
protein during rebinding, condensates rapidly assumed the same
size and intensity they had assumed in the initial binding step.
Taken together, we conclude that FUS–ssDNA co-condensates
dissolve when either ssDNA or free FUS is removed. FUS–
ssDNA co-condensates form reversibly, which 1) is indicative
of a significant amount of protein turnover in these condensates,
2) demonstrates that FUS–ssDNA interactions are key for co-
condensation, and 3) demonstrates that FUS–FUS interactions,
if they exist in these co-condensates, are not sufficient for
maintaining a condensate in absence of ssDNA.

FUS–ssDNA Co-condensates Are Viscous Droplets with Liquid-Like
Properties. Biomolecular condensates often show properties
of liquid-like droplets in vivo. They deform under shear stress
and can exhibit shape relaxation driven by surface tension (11–
13). We next investigated whether FUS–ssDNA co-condensates
formed in vitro recapitulate this behavior. We first studied how
these condensates react to the exertion of external mechanical
perturbations. For that we increased the end-to-end distance of
the DNA and hence the extent of overstretching in an abrupt
and stepwise manner (steps every 10 s). This stepwise increase of
the end-to-end distance within the overstretching regime instan-
taneously increases the amount of ssDNA substrate available for
co-condensate formation and causes the condensates to move
with the propagating peeling front.
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Fig. 3. FUS–ssDNA co-condensates are viscous droplets with liquid-like properties. (A) Representative snapshots and kymographs of FUS on DNA molecules
overstretched in a stepwise manner in presence of different FUS concentrations. At 5 nM FUS, condensates had a point-like morphology and instantaneously
grew and moved along the DNA when the DNA end-to-end distance was increased (Left, zoom). At 100 nM FUS, condensates grew and moved along the DNA
in a creeping-like manner when the DNA end-to-end distance was increased. They elongated and showed shape relaxations on slow time scales compared to
the fast-imposed external perturbations, reminiscent of viscous, liquid-like droplets (Right, zoom). (B) Representative snapshots and kymographs of a binding
experiment performed at 200 nM FUS. Occasional shape changes from an initial elongated to a rounded morphology were observed (red condensate and
zoom). (C) (Left) Quantification of shape changes of the example condensates. (Top) Total intensity, (Middle) width, and (Bottom) maximum intensity of
individual condensates over time. While the total intensity of the red condensate remained constant over the course of the experiment, its width decreased
while its maximum intensity increased until they leveled off. (Right) Quantification of shape changes of condensate ensemble. (Top) Normalized total
intensity, (Middle) normalized width, and (Bottom) normalized maximum intensity of condensates over time. At 200 nM FUS, 5 out of 12 condensates
showed rounding, decreasing their width to 70% of their initial width and increasing their maximum intensity to 140% of their initial intensity while
keeping their total intensity constant within about 20 s. Traces show mean ± SEM, and p.c. denotes the photon count.

At 5 nM FUS, small FUS–ssDNA co-condensates emerged
from the ends of the DNA molecule, which appear to instanta-
neously follow the propagation of peeling fronts (Fig. 3 A, Left).
When increasing the amount of overstretch in a stepwise manner,
condensates also grew in a stepwise fashion. This indicates that
relaxation times are fast and below the 1-s interval between
confocal image recordings. However, at 100 nM FUS, we ob-
served that FUS–ssDNA co-condensates followed the stepwise
bead movement with time delay and in a smooth, creeping-like
manner, reminiscent of viscous droplet being dragged along a
string (Fig. 3 A, Right, and Movie S3). Leading and lagging edge
of the condensates followed the bead movement on different
response times, resulting in elongated condensate shapes. Elon-
gated condensates relaxed toward more round shapes within
the waiting time between steps (10 s). We conclude that FUS–
ssDNA co-condensates formed at concentrations of ∼100 nM
FUS display viscous material properties and exhibit viscoelastic
shape relaxation.

We next set out to find additional signatures for viscoelastic
shape relaxation of FUS–ssDNA co-condensates. To this end
we investigated condensate shape changes after their forma-
tion. Fig. 3B presents snapshots and the kymograph of a typical

binding experiment performed at 200 nM FUS, showing how
FUS assembles on the different segments of the overstretched
DNA molecule upon exposure to FUS. In the representative
example shown, while the two small condensates (marked in blue
and yellow) did not change their shape after formation, the big
condensate (marked in red) transitioned from an initially elon-
gated toward a round shape within ∼120 s (Fig. 3C). The time
constant of shape relaxation arises from co-condensate surface
tension (see Fig. 6H), which co-condensates to adopt a spherical
shape and co-condensate viscosity (11, 56). We conclude that
FUS–ssDNA co-condensates display shape relaxations on a time
scale of the order of 10 s, which together with our estimate
of co-condensate surface tension (see Fig. 6H) reveals a co-
condensate viscosity of ∼3 Pa·s (Materials and Methods) (56).
We have thus revealed two types of shape relaxation of FUS–
ssDNA co-condensates consistent with liquid-like behavior: they
deform upon external mechanical perturbations, and they relax
their shape after rapid formation.

FUS Associating with ssDNA Generates a Sticky FUS–ssDNA Polymer.
We speculate that FUS can form dynamic co-condensates with
ssDNA because the association of FUS with ssDNA generates
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a self-interacting polymer which undergoes a globular collapse
to form a liquid-like FUS–DNA co-condensate (57–59). Here
FUS–FUS or additional FUS–DNA interactions could act like a
molecular glue when two FUS-coated ssDNA fragments meet,
which would prevent their dissociation. To test if FUS–DNA
indeed behaves like a sticky polymer, we overstretched single
DNA molecules whose top strands were by chance nicked at
certain locations. We refer to the single strand of the dsDNA
molecule that remains physically attached to the two polystyrene
beads as the principal strand, while the complementary strand
which becomes progressively peeled off during overstretching is
referred to as the top strand. When a dsDNA molecule with
a nicked top strand is overstretched to completeness (to 1.7
times its contour length), the peeled top strand fragments should
dissociate and detach completely from the principal strand. We
here tested if the interaction between FUS and ssDNA could
interfere with this top strand detachment process.

Fig. 4 A, Left, shows the kymograph of a typical stepwise
overstretching experiment performed at 5 nM FUS. We observe
ssDNA peeled and condensation of ssDNA fragments with FUS,
originating from the two terminal ends of the DNA molecule and
from two nicks. When two peeling fronts met, they fused and
subsequently disappeared from the field of view. This indicates
that the corresponding ssDNA top strand fragment completely
detached from the principal strand. Notably, all three ssDNA
top strand fragments dissociated from the principal strand, but
the principal strand was still intact after dissociation of the last
top strand fragments. However, in the example kymograph for
the experiment performed at 100 nM FUS (Fig. 4 A, Right), the
top strand fragments did not fall off after peeling fronts of the
individual fragments met in the course of overstretching. Rather,
the top strand fragments remained attached to the principal
strand. Taken together, our observations are consistent with the
picture that FUS-coated ssDNA behaves like a sticky polymer,
which serves to hold isolated fragments of ssDNA attached to
regions of dissociation.

If self-interactions of the FUS–ssDNA polymer arise from
FUS–FUS interactions, or from FUS–ssDNA interactions that
are in addition to the normal mode of association of FUS to
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Fig. 4. FUS associated with ssDNA generates a sticky FUS–ssDNA polymer.
(A) Representative kymographs showing the influence of FUS–ssDNA in-
teraction on the dissociation of DNA fragments when the DNA molecules
are overstretched. The principal strand is the single strand of the dsDNA
molecule attached to the beads. (Scale bar: 4 μm.) (B) Quantification of the
fraction of fragments that detached from the principal strand vs. the fraction
of fragments that stayed attached in stepwise overstretching experiments.
Number of events: 5 nM, 23; 10 nM, 16; 30 nM, 14; 50 nM, 7; 100 nM, 23; and
200 nM, 18. (C) Illustration of the fragment detachment/attachment process.

ssDNA, we would expect that these self-interactions depend on
FUS concentration. We analyzed peeling events from experi-
ments performed in the concentration range between 5 and 200
nM FUS and classified them into detached (a top strand fragment
disappeared from the principal strand when two corresponding
peeling fronts met while the principal strand stayed intact) and
attached (a top strand fragment remained attached to the princi-
pal strand when two corresponding peeling fronts met). We found
that only for FUS concentrations below 30 nM, a considerable
fraction of peeled top strand fragments detached from the prin-
cipal strand (Fig. 4B), while they remained associated at higher
concentrations. We conclude that self-interactions of the FUS–
ssDNA polymer depend on FUS concentration. FUS–ssDNA
co-condensates have liquid-like properties. Capillary forces are
mechanical forces that are generated by a fluid when contacting
a surface (24, 60). Given that self-interactions of the FUS–
ssDNA polymer can generate a liquid phase, it is tempting to
speculate that this can give rise to generalized capillary forces for
liquid phases consisting of collapsed self-interacting polymers.
For FUS, these could arise when the liquid phase contacts other
FUS-coated DNA strands, resulting in the continued adhesion of
condensates with principal strands in the experiments described
in Fig. 4 and delaying force-induced disruption of dsDNA strands
(SI Appendix, Fig. S3). It is tempting to speculate that these be-
haviors are related to the ability of FUS–dsDNA interactions
to act as a molecular glue in the context of the DNA damage
response. This is interesting as one might expect that an im-
mediate response to DNA damage requires prevention of DNA
fragments from leaving the damage site.

So far, we have shown that FUS forms dynamic co-condensates
with ssDNA and that these condensates show various properties
that are also typical for protein–nucleic acid-based organelles
observed in vivo: their formation is reversible, they exchange
constituents with the environment, and they show liquid-like
material properties. Co-condensation also mediates stickiness
and the adhesion of separate ssDNA strands. We next use the
possibilities offered by our single molecule manipulation ap-
proach to reveal the physicochemical mechanisms underlying the
formation of such FUS–ssDNA condensates.

FUS–ssDNA Co-condensation Is Based on FUS Adsorbing in a Single
Layer on ssDNA. We were interested to understand whether
ssDNA in FUS–ssDNA condensates is coated with a single
adsorption layer of FUS with every FUS molecule directly
binding to ssDNA, or if multiple layers of FUS are present
with some FUS molecules not directly bound to ssDNA. We
first investigated how the size of FUS–ssDNA co-condensates
depends on the number of incorporated nucleotides. For this
we utilized the stepwise overstretching assay introduced in Figs.
3 and 4. By controlling the end-to-end distance of the DNA
molecule within the overstretching regime in a stepwise manner,
we controlled the total number of peeled ssDNA nucleotides
available for FUS–ssDNA co-condensate formation (Fig. 5A). By
utilizing nick-free DNA molecules only, we ensured that ssDNA
peeling during overstretching only occurred from the two ends of
the DNA molecules. By measuring the distance between each of
the two forming condensates and the respective beads, and taking
into account the length of a single nucleotide under the applied
tension of around 65 pN [0.58 nm (51–53)], we were able to
determine the number of nucleotides available for incorporation
into each of the two FUS–ssDNA co-condensates (see Analysis
of FUS-ssDNA Co-condensate Composition for details). Further,
we determined the integrated FUS fluorescence intensity
associated with each condensate. Notably, we calibrated the
FUS fluorescence intensity to arrive at a number of FUS-EGFP
molecules in the condensate, using a calibration procedure that
relied on individual dCas9-EGFP molecules tightly bound to
λ-DNA molecules (Estimation of Number of FUS Molecules per
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Fig. 5. FUS–ssDNA co-condensation is based on FUS adsorbing in a single
layer on ssDNA. (A) Intensity of FUS–ssDNA condensates extracted from
stepwise overstretching experiments (p.c., photon count). Aa and Ab are
integrated intensities of condensates, and a and b are the pieces of ssDNA
incorporated in each of them. (B) Number of FUS molecules vs. number of
nucleotides incorporated in each condensate. Number of events: 1 nM, 25;
5 nM, 72; 10 nM, 68; 30 nM, 69; 50 nM, 47; 100 nM, 38; and 200 nM, 59.
An event is a single condensate observed during a single stretching step
in a stepwise overstretching experiment. Dashed lines indicate linear fits
to data points at the corresponding FUS concentration. Intensities were
converted into numbers of FUS molecules by calibration with single dCas9-
GFP molecules (SI Appendix, Fig. S4). (C) Number of FUS molecules per
nucleotide in condensates vs. FUS concentration obtained from linear fitting
in B. Data are fitted by a Langmuir binding isotherm. Dotted horizontal
line indicates footprint of the FUS molecule inside FUS–ssDNA condensates.
Orange shows the result of linear fitting in B within 95% confidence
intervals. Gray dashed line shows the Langmuir fit.

Condensate and SI Appendix, Fig. S4) (61). We found that at all
FUS concentrations investigated (between 1 and 200 nM FUS),
the number of FUS molecules in a condensate was proportional
to the number of incorporated nucleotides, with a slope that
depends on the FUS concentration (Fig. 5B). This confirms that
1) the number of FUS molecules in a FUS–ssDNA co-condensate
is determined by the amount of available ssDNA substrate and
that 2) co-condensate stoichiometry (i.e., the ratio between
number of proteins and number of nucleotides in a condensate)
is independent of the size of the condensate, as is expected for
co-condensation. More precisely, co-condensate stoichiometry
is independent of the total number of ssDNA nucleotides in
the co-condensate but depends on bulk FUS concentration
(Fig. 5B). The ratio between the number of proteins and the
number of nucleotides in a co-condensate (i.e., the slopes of the
relations in Fig. 5B) informs about the degree of ssDNA substrate
occupation by FUS. This ratio increased with increasing FUS
concentrations between 1 and 50 nM and saturated at higher
concentrations (Fig. 5C). Strikingly, this saturation curve was
well described by a simple Langmuir adsorption model [Kd =
31.5 nM (11.3 to 51.8 nM) (numbers in parentheses indicate
the lower and upper bounds of the 95% confidence interval,
unless otherwise noted), saturation level p0 = 0.08 molecules/nt
(0.06 to 0.10 molecules/nt) for FUS recruitment to ssDNA in
FUS–ssDNA co-condensates]. The Langmuir adsorption model
was originally used to describe the adsorption of gas molecule
ligands on surfaces with negligible ligand–ligand interactions
(56, 57). In our stepwise overstretching assay, the substrate
for FUS binding is generated in a progressive manner, and co-
condensate stoichiometry is set by FUS concentration. Notably,
the adsorption curve saturates at a FUS density on ssDNA
of approximately one FUS molecule every 12.4 nucleotides
of ssDNA (Fig. 5C), consistent with the expected number of

nucleotides that both the zinc finger and RRM domains would
bind to (62). Taken together, our data suggest that FUS in
FUS–ssDNA co-condensates forms a single adsorption layer on
ssDNA, with every FUS molecule directly bound to ssDNA. Note
that FUS–DNA co-condensates form in the absence of surface
condensation via a prewetting transition (61). Binding occurs
without detectable cooperativity despite the fact that FUS–
FUS interactions within such a FUS–ssDNA co-condensate
appear to collectively generate the capillary forces that drive
co-condensation and condensate shape changes.

FUS Monolayer Adsorption to dsDNA and LCD-Mediated Interactions
Lead to FUS–dsDNA Co-condensate Formation. Given that FUS has
an affinity not only for ssDNA but also for dsDNA (Fig. 1C),
we next investigated whether FUS can also form co-condensates
with dsDNA. For this, we attached a single dsDNA molecule to
a Streptavidin-coated bead held in an optical trap and applied
an external buffer flow to stretch the DNA. We then moved the
stretched bead–DNA construct to a channel containing 100 nM
FUS while the flow was maintained (Fig. 6A). When moving
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attached to three trapped beads in an L-like configuration allowing protein-
mediated DNA zippering. (J) FUS mediates capillary-like forces between
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6 of 11 PNAS
https://doi.org/10.1073/pnas.2107871119

Renger et al.
Co-condensation of proteins with single- and double-stranded DNA

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 D
K

FZ
-H

G
F 

on
 J

un
e 

14
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

19
3.

17
5.

15
4.

19
.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107871119/-/DCSupplemental
https://doi.org/10.1073/pnas.2107871119


BI
O

PH
YS

IC
S

A
N

D
CO

M
PU

TA
TI

O
N

A
L

BI
O

LO
G

Y

the flow-stretched dsDNA molecule into the protein channel,
we observed that 1) the dsDNA molecule became immediately
coated with FUS (Fig. 6B and Movie S4) and 2) a co-condensate
appeared to form at the free end of the dsDNA molecule, rapidly
moving toward the bead and increasing in size with decreas-
ing distance to the bead. Co-condensation was abolished when
the LCD of FUS was not present (Fig. 6C), indicating that as
expected, the LCD plays a role in mediating the FUS–FUS
interactions necessary for co-condensation of FUS with dsDNA.
Together, this provides evidence that the interaction of FUS with
dsDNA leads to the formation of a FUS–dsDNA co-condensate
even in presence of DNA tension.

To better investigate the co-condensation process, we next
attached a dsDNA molecule to two beads held in place in
optical traps and repeatedly relaxed and stretched the molecule
between 8 and 16 μm end-to-end distance and thus to a length
slightly below its contour length in a solution containing 200
nM FUS (Fig. 6D). Again, we observed that FUS assembled
homogeneously on the stretched dsDNA molecule (Fig. 6E
and Movie S5). Strikingly, a single FUS–DNA co-condensate
emerged when the DNA was relaxed to an end-to-end distance
below ∼14 μm, which grew in FUS amount with decreasing
DNA end-to-end distance. The condensate dissolved again when
the DNA was stretched beyond ∼14 μm, and it reformed with
similar dynamics when the DNA was relaxed again, albeit at a
slightly different position. Furthermore, the estimated FUS con-
centration in the co-condensate (∼5 μM) is above the reported
saturation concentration for FUS under similar experimental
conditions [∼2 μM (7)], as expected (SI Appendix, Fig. S2B).
Again, condensate formation depended on the presence of the
LCD of FUS (Fig. 6F). To conclude, FUS can form dynamic,
reversible co-condensates with relaxed dsDNA.

We next asked whether these FUS–dsDNA co-condensates
indeed form a separate physical phase. We draw an analogy to
the phase transition between liquid water and vapor (63): when a
pot of water is put onto a hot stove, the temperature of the water
will not surpass 100 ◦C. Instead of increasing the temperature,
energy input will cause water to transition from the liquid phase
to the vapor phase while the temperature remains constant. This
analogy is helpful for understanding the dissolution of FUS–
dsDNA co-condensates by mechanically extracting FUS-coated
dsDNA from the condensate. We predict two effects to occur
when the end-to-end distance of an FUS-coated, condensed
dsDNA molecule is increased. First, mass conservation implies
that as FUS-coated DNA is progressively extracted from the
condensate, the amount of material in the FUS–dsDNA co-
condensate should decrease by corresponding amounts. Second,
the dissolution of FUS–dsDNA co-condensates should occur at
a constant DNA tension, similar to the constant temperature
observed for the transition between liquid and gaseous water
(24, 57).

To test the first prediction, we used the dual-trap experiment
to form and dissolve FUS–dsDNA co-condensates at 50 and 200
nM FUS. Mass conservation implies that the number of FUS
molecules inside a condensate increases proportionally with the
amount of co-condensing dsDNA. In other words, the amount
of FUS in the co-condensate should increase linearly with de-
creasing DNA end-to-end distance, which is what we observed
(Fig. 6G). Furthermore, the absolute value of the slope of the
linear relationship between number of FUS molecules in a co-
condensate and the DNA end-to-end distance increased with
increasing FUS concentration (Fig. 6G). At 50 nM FUS, ∼114
FUS molecules are bound per micrometer of DNA in a co-
condensate (corresponding to a spacing of one FUS molecule
every ∼26 bp), while at 200 nM FUS, ∼150 FUS molecules are
bound per micrometer of DNA in a co-condensate (correspond-
ing to a spacing of one FUS molecule every ∼20 bp) (also see
SI Appendix, Fig. S2). This reveals that FUS adsorbs in a single

layer on DNA at both concentrations investigated, with enough
space between FUS molecules to allow each FUS molecule to
directly bind to dsDNA. Note that the estimated FUS concen-
tration in the co-condensate (∼5 μM) is above the reported
saturation concentration for FUS under similar experimental
conditions [∼2μM (7)] (SI Appendix, Fig. S2B). Further, an anal-
ysis of the probability for co-condensate formation as a function
of DNA end-to-end distance revealed a sharp transition at 10.5
μm (10.4 to 10.6μm) at 50 nM FUS and 12.9μm (12.7 to 13.1μm)
at 200 nM FUS (SI Appendix, Fig. S5D). This indicates that co-
condensation occurs below a critical DNA end-to-end distance
Lcrit that depends on FUS concentration. Taken together, we
conclude that as FUS-coated DNA is progressively extracted
from the FUS–dsDNA co-condensate, the amount of material
in the FUS–dsDNA co-condensate decreases by corresponding
amounts.

We next tested the second prediction and investigated the
range of DNA tensions at which FUS–dsDNA co-condensates
form (Fig. 6H and SI Appendix, Fig. S5G). Using the dual trap
tweezer assay we found that as FUS-coated dsDNA is relaxed
starting from an initially stretched configuration (16 μm end-to-
end distance), the relation between force and DNA end-to-end
distance follows the expected worm-like chain (WLC) behavior
as long as its end-to-end distance is above Lcrit . Strikingly, when
the end-to-end distance was reduced below Lcrit (and hence
when a condensate forms), trap force remained constant [0.19 ±
0.05 pN at 50 nM FUS, 0.71 ± 0.05 pN at 200 nM FUS (mean
± STD)]. Furthermore, condensates of various sizes coexisted
at essentially the same DNA tension (SI Appendix, Fig. S5G).
Note also that in the region where the WLC transitions into
the constant force regime a slight dip in force was observed,
indicative of a small but finite surface tension of the condensate.
A theoretical description of protein–DNA co-condensation in
the optical trap suggests that this dip corresponds to a surface
tension of the order of 0.15 pN/μm (SI Appendix, Fig. S5F and
and Supplementary Methods). Together, this provides evidence
that a first-order phase transition underlies the formation of
FUS–dsDNA co-condensates.

We next set out to estimate the condensation free energy per
FUS molecule (24). At DNA end-to-end distances far below the
critical DNA length and in the case of low surface tension, the
constant force generated by the co-condensate reeling in DNA
is determined by the condensation free energy per volume μ and
the DNA packing factor α. The packing factor is a measure for
the scaling between length of condensed DNA and the volume
of the condensate. We estimated α using the FUS concentration-
dependent FUS coverage of dsDNA inside condensates (slope in
Fig. 6G and SI Appendix, Fig. S5E) and the molecular volume of
FUS inside condensates Vm (SI Appendix, Fig. S5F). We found
that values of α (∼0.05 μm2 at 50 nM FUS and ∼0.06 μm2 at
200 nM FUS) were similar in magnitude to those reported for
a DNA–protein phase containing the transcription factor FoxA1
(24). The condensation free energy per volume obtained using
the packing factors and corresponding critical forces was ∼4.1
pN/μm2 at 50 nM FUS and ∼11.9 pN/μm2 at 200 nM FUS. With
a FUS density inside condensates of about 2,500 molecules/μm3

(specified by the molecular volume), this provides an estimate of
the condensation free energies of ∼0.4 kT/FUS at 50 nM FUS
and ∼1.1 kT/FUS at 200 nM FUS. These values are consistent
with previous reports of the interaction energies between Tyr–Tyr
and Tyr–Arg residues in FUS (64), suggesting that interactions
similar to those driving FUS liquid–liquid phase separation at
higher concentrations (7) are present in co-condensates. Taken
together, FUS adsorbing in a single layer on DNA effectively
generates a sticky FUS–DNA polymer that can collapse to form a
liquid-like FUS–DNA co-condensate. For dsDNA, this conden-
sation occurs at constant DNA tension, which is a clear signature
of a mesoscopic first-order phase transition.
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We next set out to test if single-layer adsorbed FUS can medi-
ate adhesion of separate dsDNA strands. For that we attached
two FUS-coated dsDNA strands to three beads in an L-like
configuration, with DNA strands held at tensions above the
critical tension for FUS–dsDNA condensate formation (Fig. 6I).
By moving one of the beads relative to the others, we were able to
bring the two FUS-coated dsDNA molecules in close proximity
in order to test if they adhere to each other. We found that
the two FUS-coated dsDNA strands adhered to each other and
zippered up at 100 nM FUS (Fig. 6 J and Movie S6). Zippering
was reversed by pulling the DNA strands away from each other
and reestablished by moving DNA strands closer. Furthermore,
zippering depends on the presence of the LCD (Fig. 6H). Taken
together, our data indicate that a single layer of FUS attached to
DNA can mediate dynamic adhesion of separate DNA strands,
opening up the possibility for this mechanism to be involved in
long-range genome organization.

Discussion
The discovery that membraneless compartments can be formed
by liquid-like biomolecular condensates and that phase sepa-
ration can contribute to the spatiotemporal organization of in-
tracellular biochemistry has opened up new perspectives in cell
biology (1, 3). We show that FUS–ssDNA co-condensation is
based on FUS adsorbing in a single layer on ssDNA well de-
scribed by a Langmuir isotherm (Fig. 5 and SI Appendix, Fig. S2).
Similarly, FUS monolayer adsorption to dsDNA together with
LCD-mediated interactions lead to FUS–dsDNA co-condensate
formation at low dsDNA tension (Figs. 6 and 7). Here changing
dsDNA extension shifts the balance between the co-condensate
and the FUS-coated dsDNA molecule and results in the co-
condensate growing at the expense of stretched dsDNA. The
process of co-condensation is a chemomechanical process that
converts chemical potential changes to mechanical forces. These
generalized capillary forces can exert tension on the DNA that
remains outside the condensate. Growth of co-condensates oc-
curs at constant DNA tension, consistent with a mesoscopic first-
order phase transition as is expected for a physical condensation
process. We find that the constant tension depends on the FUS
concentration and is of the order of 1 pN. For comparison, forces

nucleic acid or 
nucleic acid-like molecule nucleic acid binding domain

interaction domains (e.g. LCD)

Eukaryotic Cell

Nucleus

FUS-nucleic acid condensates

FUS

weak, transient, short-ranged
interactions

Low [FUS] High [FUS]

B

A

Fig. 7. Biomolecular condensate formation based on monolayer protein
recruitment to nucleic acids. (A) Nucleic acids or nucleic acid–like polymers
recruit monolayers of proteins. (B) Protein adsorption on nucleic acids gives
rise to an effective self-interacting protein–nucleic acid polymer. Collapse of
this self-interacting polymer leads to the formation of protein–nucleic acid
co-condensates reminiscent of biomolecular condensates observed in cell
nuclei. This process is distinct from the globular collapse of a noninteracting
freely jointed chain but shares similarities with the collapse of a polymer in
poor–solvent-facilitating polymer self-interactions (65).

required for unfolding individual proteins typically are higher
and in the range of tens of pN (66–68). Also, the stall force of
RNA Pol II is at least an order of magnitude higher, opening
up the possibility that transcription can proceed essentially un-
hindered in the presence of such capillary forces (69). Together,
this indicates that condensate formation by co-condensation can
compete in force balance in the nucleus and with the formation
of loops by the cohesin/condensin machinery (70) or with the
association of DNA with lamins in the nuclear envelope (71). To
conclude, the formation of a monolayer of FUS on both ssDNA
and dsDNA effectively generates a sticky FUS–DNA polymer
that subsequently condenses to form a dynamic, reversible FUS–
DNA co-condensate.

Protein–DNA co-condensation involves the collective binding
of many proteins to a DNA substrate. Here we demonstrate
that upon single-layer binding the FUS-coated DNA molecule
undergoes co-condensation and maintains its DNA–protein sto-
ichiometry as it grows. It is tempting to speculate that higher
protein concentrations, closer to the saturation concentration for
bulk phase separation, could lead to additional modes of interac-
tion. These could involve multilayer protein adsorption on DNA
(72) or the formation of surface condensates via a prewetting
transition (61) (SI Appendix, Fig. S1), and quantitative methods
for measuring protein–nucleic acid stoichiometry are required
to distinguish between different co-condensation scenarios in
vivo. Future work is necessary to characterize the full extent of
collective interactions between FUS and DNA, to investigate
a possible dependence on DNA sequence, and to reveal how
differences in the mechanical properties of ssDNA and dsDNA
affect material properties of FUS–DNA co-condensates.

We speculate that protein–DNA co-condensation plays an
important role in biological processes such as heterochromatin
formation driven by HP1α (14–18), the transcription-dependent
organization of chromatin (19, 21, 22, 45) (SI Appendix, Fig. S6A),
the formation of viral replication compartments (73–76)
(SI Appendix, Fig. S6C), the compaction of viral ssRNA (77,
78), and the DNA damage response (27, 29, 30) (SI Appendix,
Fig. S6B). With respect to the latter, we have shown that pairs
of FUS-coated DNA can bind together and exert adhesion
forces onto each other (Figs. 4 and 6). It is possible that inside
the cell, such adhesion forces prevent DNA fragments from
leaving damage sites during DNA repair. An interesting question
for future research is to understand whether poly(ADP)ribose
(PAR) triggers FUS–DNA co-condensation at the damage site,
thereby preventing the escape of DNA damage fragments. Taken
together, we suggest that co-condensation mediated by protein
monolayer adsorption on nucleic acids constitutes a general
mechanism for forming intracellular compartments.

Materials and Methods
Recombinant full-length FUS-EGFP and FUS-Δ LCD-EGFP were expressed and
purified as described previously (8).

Optical Tweezers with Confocal Fluorescence Imaging. Optical tweezer ex-
periments were performed in a C-Trap G1 instrument which combines
four optical traps with confocal fluorescence imaging and microfluidics
(Lumicks). Experimental work flows were controlled using custom Python
scripts through the inbuilt Bluelake software. Proteins were diluted in
FUS buffer (70 mM KCl, 10 mM Tris, pH 7.4) to the final concentration.
Biotinylated double-stranded λ-DNA (Lumicks) was diluted to ∼20 pg/μL in
FUS buffer, and 4.4 μm Streptavidin-coated polystyrene beads (Spherotech)
were diluted to 3% (w/v) in FUS buffer. DNA tethers were formed as
described elsewhere (50). For fluorescence excitation, 2.14 μW of a 488-
nm laser was used. Dwell time per pixel and pixel size were set to 0.05
ms and 100 nm × 100 nm. Buffer exchange experiments were recorded at
2 fps for 60 s (binding). For unbinding, DNA molecules were transferred back
to the buffer channel while imaging at 0.25 fps during 480 s. Typically, an
additional binding experiment (rebinding, same settings as initial binding)
was performed. Stepwise overstretching experiments were performed in
steps of 1 μm at 5 μm/s every 10 s and imaged at 1 fps. dsDNA flow-stretch
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experiments were imaged at 1 fps. All experiments were performed at
28 ◦C.

dsDNA Relaxation Cycle. DNA molecules were relaxed and stretched be-
tween 16 and 8 μm at 0.5 μm/s with a waiting period of 20 s at each extreme
position. After two rounds, the bead-to-bead distance was first increased
to 31 μm to rupture the molecule and then again decreased to 8 μm to
estimate the force base line. Imaging was performed at 2 fps.

dsDNA Zippering Experiments. Three Streptavidin-coated polystyrene beads
were trapped in three optical traps and moved to the DNA channel. In
the presence of mild buffer flow, the two beads aligned in parallel to the
flow direction (beads 1 and 2) captured a DNA molecule. The beads then
were moved to the protein channel. Simultaneously, fluorescence imaging
with a rate of approximately one frame every 5 s was started. Further, we
approached bead 3 (already coated with DNA) toward the tether between
beads 3 and 2 in order to enable contacting of the two FUS-coated DNA
tethers.

Data Analysis. Data analysis was performed using custom MATLAB
(Mathworks) routines. Image representation was performed in FIJI v. 1.51h.
For quantification of FUS intensities on DNA, images were background-
subtracted by calculating the average background intensity away from
the DNA for every frame and subtracting it from the whole image.
Intensity profiles along the DNA direction were calculated by summing up
background subtracted pixel intensities orthogonally to the DNA direction.
Kymographs were generated from the time projection of these profiles.

Analysis of Buffer Exchange Experiments. Kymographs were manually
segmented into regions of stretched dsDNA, stretched ssDNA, and puncta
(FUS–ssDNA condensates). Intensity–time traces of each DNA segment
were calculated by averaging the intensities of all pixels in a segment for
each frame. Average intensity–time traces of the different types of DNA
(stretched ssDNA, stretched dsDNA, and puncta) for binding and unbinding
experiments performed at different FUS concentrations were calculated
by averaging the intensity–time traces of every segment obtained for the
corresponding experiment type (binding or unbinding) at the corresponding
FUS concentration.

To extract unbinding rates, the average intensity–time traces obtained
from unbinding experiments were fitted using single or double exponential
functions. Fitting was performed from the time point at which the back-
ground intensity dropped (indicating that the DNA had left the protein
channel) to the last time point of the experiment (480 s). The quality of
fitting (represented by the R2 value) drastically improved by using double
exponentials instead of single exponentials, particularly at elevated FUS con-
centrations. Equilibrium intensities of FUS on stretched ssDNA and stretched
dsDNA were calculated by averaging the intensity–time traces obtained
from binding experiments performed at different FUS concentrations over
the last 30 s (i.e., when the equilibrium was reached).

To study shape changes of FUS–ssDNA condensates over time, segments
of puncta were obtained from kymographs of FUS binding experiments as
described above. A custom peak finding algorithm was used to obtain the
maximum intensity and the width of puncta in each frame of an experiment.
The total intensity of a punctum was calculated as the product of maximum
intensity and peak width.

For ensemble analysis, the individual time traces of maximum intensity,
total intensity, and punctum width were normalized to their final value
(last 10 s of the experiment). Puncta were classified according to whether
they rounded up in the course of the binding experiment. A punctum
was classified as rounded if the normalized final maximum intensity (last
10 s of the experiment) was at least higher than the normalized initial
maximum intensity (first 10 s after punctum formation) plus four times the
corresponding SD. Mean time traces of maximum intensity, total intensity,
and punctum width were calculated according to this classification.

Analysis of FUS-Mediated ssDNA Adhesion. Increasing the DNA end-to-end
distance leads to progressive conversion of dsDNA to ssDNA via peeling from
free ssDNA ends. Nicks in the ssDNA backbones of the dsDNA molecules
define boundaries of potential ssDNA fragments. During overstretching,
progressive peeling from the fragment boundaries will lead to dissociation
of ssDNA fragments. For analysis, we evaluated events in which two peeling
fronts propagated toward each other when the DNA end-to-end distance
was increased. Events were classified into attached or detached based on
the integrity of the tether. We only considered an event if the DNA tether
remained intact for at least one more step of the stepwise increase of DNA
end-to-end distance.

Analysis of FUS–ssDNA Co-condensate Composition. The number of nu-
cleotides peeled from each of the two ends of the overstretching fronts
(for nicks-free molecules) and hence incorporated into each of the two
condensates can be calculated from the distance between a condensate
and the corresponding bead. This distance divided by the length of an
ssDNA nucleotide at 65 pN (0.58 nm per nucleotide) yields the number of
nucleotides in the corresponding condensate. For every step of a stepwise
overstretching experiment, the intensity profile along the DNA molecule
was calculated and the positions of the beads and the boundaries of the
condensates selected. From this information we calculated the integrated
intensity of a condensate and the corresponding number of incorporated
nucleotides. For each FUS concentration we fitted the relation between
condensate intensity and number of nucleotides with a linear function. The
slope versus the corresponding FUS concentration was fitted to Langmuir
isotherm of the form of q = qm·[FUS]

Km+[FUS] to the data (qm being the saturation
occupancy of nucleotides with FUS, Km being the FUS concentration at which
the occupancy has reached half of its maximum value, and [FUS] being the
FUS concentration).

Estimation of the Viscosity of FUS–ssDNA Co-condensates. The relation be-
tween viscosity and the shape relaxation time is given by (56) τ

l = η
γ , where

τ is the relaxation time, l is the characteristic size of droplets, η is the
viscosity, and γ is the surface tension. Considering a relaxation time of
∼20 s, (Fig. 3C), a characteristic length of ∼1 μm (Fig. 3B), and a surface
tension of 0.15 pN/μm (SI Appendix, Fig. S6F), we obtain a viscosity of η ∼3
Pa×s. This value is in good agreement with that reported for protein–ssDNA
condensates in ref. 56 (5 to 6 Pa·s).

Analysis of FUS–dsDNA Co-condensates. The free energy F of a FUS–dsDNA
condensate containing the DNA length LD can be described using a volume
contribution and a surface contribution (SI Appendix, Fig. S5A), building on
a framework introduced in ref. 24:

F(LD) = −μαLD + 4πγ
(

3α

4π

)2/3

L2/3
D .

μ is the condensation free energy per volume, α is the packing factor
relating LD to the condensate volume, and γ is the surface tension. The force
required to extract a piece of DNA from the condensate is

f(LD) = μα −
8

3
πγ

(
3α

4π

)2/3

L−1/3
D .

For small surface tension and high values of LD (corresponding to low DNA
end-to-end distances), this expression approaches a constant DNA tension
f0 ≈ μα.

To analyze the mechanical properties and to finally estimate the con-
densation free energy per FUS molecule in FUS–dsDNA condensates, for
each frame of a stack, we extracted the position, width (full width at
half maximum [FWHM]) and maximum intensity of the condensate using
a custom peak finding algorithm (SI Appendix, Fig. S5B). The total intensity
of a detected condensate in each frame was calculated as the product of
maximum intensity and peak width (SI Appendix, Fig. S5C). The baseline
subtracted force–distance signal was synchronized with the fluorescence
imaging data (raw force–distance signal [∼9 Hz] was down-sampled to
2 Hz). The intensity of tracked condensates for every frame in which a
condensate was detected was correlated to the force at which it existed
and to the corresponding DNA end-to-end distance. Downstream analysis
was restricted to the part of the process where the initially stretched dsDNA
molecule was relaxed from 16 to 8 μm end-to-end distance (unless indicated
differently). Subsequent stretching and relaxation processes in presence
of FUS appeared to alter the mechanical properties of the DNA. We first
investigated at which DNA end-to-end distances FUS–dsDNA condensates
exist (SI Appendix, Fig. S5D). For that, we analyzed the probability to find
a condensate at the different DNA end-to-end distances between 16 and 8
μm during the initial relaxation process. The step-like shapes of the curves
were fitted with error functions in the shape of

p(L) =
1

1 + e
L−Lcrit

a

.

p is the probability to find a condensate, L is the DNA end-to-end distance,
and Lcrit is the critical DNA end-to-end distance below which condensates
typically form.

Packing factor α was obtained as the product of the negative slope
of the linear relation between condensate intensity and DNA end-to-
end distance α’ and the molecular volume VM of FUS in condensates
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(SI Appendix, Fig. S5E). VM was obtained from the expectation value of a
Rayleigh distribution fit to the histogram of the ratio between volume
and intensity of each detected condensate in each frame it was detected.
For calculating the condensate volume, condensates were assumed to be
spherical with a diameter equal to the FWHM obtained from tracking. α was
obtained from a linear fit to the condensate intensity vs. DNA end-to-end
distance at DNA end-to-end distances below Lcrit .

The number of FUS molecules bound per DNA length inside condensates
was estimated using α and the intensity of a single GFP. This yielded ∼115
FUS molecules bound per micrometer of condensed DNA at 50 nM FUS
(corresponding to a spacing of one FUS molecule every ∼26 bp) and ∼150
FUS molecules bound per micrometer of condensed DNA at 200 nM FUS
(corresponding to a spacing of one FUS molecule every ∼20 bp).

The critical force f0 was finally obtained as the mean force exerted by
the condensates below Lcrit (Fig. 6H). μ as energy per volume was obtained
by dividing the critical force by the corresponding packing factor for 50
and 200 nM FUS. To estimate μ of a single FUS molecule, we approximated
the number of FUS molecules per cubic micrometer using the molecular
volume (in units of cubic micrometer per photon count) and the intensity
of a single GFP molecule (in units of photon counts per molecule) extracted
from SI Appendix, Fig. S4. To convert into units of kBT per FUS molecule we
assumed a temperature of 303 K and hence a conversion relation of 1 kBT =
4.2e−3 pN·μm.

Only events where a single condensate formed per single dsDNA molecule
were analyzed. Imaging was performed at 2 fps.

Estimation of Number of FUS Molecules per Condensate. dCas9-EGFP was
incubated with four different types of guide RNA molecules that had
sequences complementary to four adjacent sequences at about 1/3 of
the length of λ-DNA (61). Individual preincubated λ-DNA molecules were

imaged at the conditions used for FUS–DNA experiments for 360 s (pixel size
100 nm, pixel dwell time 0.05 ms, frame rate 1 fps). DNA molecules were
held either at ∼60 pN or below 5 pN to allow for fluorescence calibration
that could be used either for FUS–ssDNA condensates (formed on top of
overstretched DNA tethers) or for FUS–dsDNA condensates (present at forces
below 5 pN). Time traces of background subtracted sum intensities of puncta
found in the DNA target regions were extracted (moving average over 30
frames). Multiple Gaussian distributions were fit to the probability density
function of intensities. The position of the first peak (after the background
peak) was used as an estimate of the intensity of a single EGFP.

Data Availability. All data generated or analyzed in this study are available
from Zenodo (https://doi.org/10.5281/zenodo.6241151). All materials will be
made available upon request after completion of a Material Transfer Agree-
ment. All other study data are included in the article and/or supporting
information.
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