
Nature Physics | Volume 21 | May 2025 | 778–786 778

nature physics

Article https://doi.org/10.1038/s41567-025-02827-7

Single-fluorogen imaging reveals distinct 
environmental and structural features of 
biomolecular condensates
 

Tingting Wu    1,2,4, Matthew R. King    2,3,4, Yuanxin Qiu    1,2, Mina Farag    2,3, 
Rohit V. Pappu    2,3   & Matthew D. Lew    1,2 

Biomolecular condensates are viscoelastic materials. Simulations 
predict that condensates formed by intrinsically disordered proteins 
are network fluids defined by spatially inhomogeneous organization of 
the underlying molecules. Here, we test these predictions and find that 
molecules within condensates are organized into slow-moving nanoscale 
clusters and fast-moving dispersed molecules. These results, obtained 
using single-fluorogen tracking and super-resolution imaging of different 
disordered protein-based condensates, affirm the predicted spatially 
inhomogeneous organization of molecules within condensates. We map the 
internal environments and interfaces of condensates using fluorogens that 
localize differently to the interiors versus interface between dilute phase 
and condensate. We show that nanoscale clusters within condensates are 
more hydrophobic than regions outside the clusters, and regions within 
condensates that lie outside clusters are more hydrophobic than coexisting 
dilute phases. Our findings provide a structural and dynamical basis for the 
viscoelasticity of condensates.

Biomolecular condensates provide spatial and temporal control over 
cellular matter and biochemical reactions1. Proteins with intrinsically 
disordered regions (IDRs), such as prion-like low-complexity domains 
(PLCDs) and arginine-glycine-rich (RG-rich) regions are prominent 
drivers of different types of condensates2,3. Several investigations have 
suggested that condensates are viscoelastic materials4–10. Despite the 
central importance of nano- and mesoscale organization of molecules 
to condensate viscoelasticity, these details have remained uncharacter-
ized, even for simple one-component condensates.

Recent computations predicted that condensates formed by PLCDs 
and model telechelic polymers are defined by spatially inhomogeneous 
networks of the underlying molecules11–13 (Fig. 1a). Internal networks in 
condensates are predicted to have dynamic hub-and-spoke organiza-
tion, with hubs being nanoscale clusters of molecules that are generated 

by reversible physical crosslinks among molecules11,12. Here, we report 
results from experimental tests of computational predictions using 
single-molecule tracking and single-molecule orientation-localization 
microscopy (SMOLM). In these experiments, we combine freely diffus-
ing fluorogenic probes14–16 with single-molecule imaging17–22 to charac-
terize the spatial inhomogeneities, microenvironments, and dynamics 
of molecules within condensates.

Environmentally sensitive dyes change their fluorescence intensity 
(making them fluorogens) or colour (making them solvatochromic) 
based on their environment and their interactions14–16,23–26 (Extended 
Data Fig. 1). We deployed fluorogenic molecules that are solva-
tochromic and used them as structural probes in super-resolution, 
single-molecule imaging to investigate condensates formed by human 
protein IDRs, including three variants of the PLCD of heterogeneous 
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We used point-scanning confocal microscopy to measure the par-
titioning of NR and NB into condensates formed by wild-type A1-LCD 
(Fig. 1c–g). The partitioning measurements were performed using 
34 µM NR and 40 µM NB. Across ~50 distinct measurements, we obtained 
median values of 6.5 and 40 for the partition coefficients of NR and NB 
into A1-LCD-rich phases. The partition coefficient of NB is eight times 
higher than that of NR. In the single-molecule measurements, we used 
concentrations of 3.4 µM for NR and 2 nM for NB, which translates to 
dense phase concentrations of 17 µM and 0.08 µM for NR and NB, respec-
tively. Ligands that stabilize dense phases will lower the macromolecular 
saturation concentration (csat), whereas ligands that destabilize dense 
phases will have the opposite effect39,40. We measured the effects of 
fluorogens on the csat values of A1-LCD molecules. These measurements 
were performed at two different temperatures and different bulk concen-
trations of each of the dyes. The data show that the dyes have negligible 
effects on the csat (Extended Data Fig. 2a,b). Overall, the solvatochromic 
fluorogens are non-perturbative when used at concentrations relevant 
for single-molecule imaging. Importantly, the controls establish that 
the features we extract from single-molecule measurements are direct 
consequences of interactions of the dyes with the macromolecules and 
not due to interactions of the dyes with themselves.

Fluorogens reveal spatial inhomogeneities within 
condensates
We leveraged the diffusion and transient binding of NB and NR38,41 
as a photo-switching (‘blinking’) mechanism for super-resolution, 

nuclear ribonucleoprotein A1 (A1-LCD)2,27 and the RG-rich IDR from 
DEAD-box helicase 4 (DDX4)3,28. Our measurements test the structural 
basis for measured viscoelastic properties6,9,29,30 and predictions that 
have emerged from physical theory and computations11–13,31.

The solvent quality, electrochemical properties, and hydropho-
bicity of condensate interiors are likely to be distinct from coexisting 
dilute phases28,32–37. We used different polarity-sensing fluorogens: 
Nile blue (NB), Nile red (NR)14,15 and merocyanine 540 (MC540)16. These 
fluorogens are dark in aqueous solutions, even when they are pumped 
with an excitation laser. As the fluorogens diffuse through solution, 
they can either partition into hydrophobic environments or bind spe-
cifically to hydrophobic pockets within or outside condensates. This 
binding causes an increase in their fluorescence quantum yield and a 
shift in their absorption and emission spectra (Fig. 1a). We used the 
three fluorogens in separate measurements to probe the interiors and 
interfaces of condensates.

NR (Fig. 1b(i)) is minimally soluble in aqueous buffers, and it has 
a solubility of 280 µM (0.09 mg ml−1) in a 1:10 mixture of dimethyl sul-
foxide (DMSO) and phosphate buffered saline (PBS). By contrast, NB 
(Fig. 1b(ii)), which is essentially the same as NR, albeit with an amine, 
has a solubility in water of 0.14 M (50 g l−1). The fluorogens, present at 
low micromolar or submicromolar concentrations in single-molecule 
measurements38, freely diffuse in solution and through the conden-
sates formed by untagged proteins. MC540 (Fig. 1b(iii)) partitions to 
interfaces between membranes and aqueous environments16, so we 
used it as a probe of condensate interfaces.
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Fig. 1 | Partitioning of fluorogenic probes into biomolecular condensates. 
a, A1-LCD molecules, characterized by aromatic stickers (green) and non-
aromatic spacers (white), form a network-like organization within condensates. 
As fluorogens (shown as black stars) diffuse through solution, they encounter 
different chemical environments in the dilute phase (white space outside), in 
the condensate (blue circle) and at the interface between the dilute phase and 
condensate (grey region). In response, they either remain dark ((i) and (iii)) (black 
stars) or become fluorescent ((ii) and (iv)) (red stars and curved arrows). Their 
((ii), (iv)) speeds of movement and brightness are also affected. b, Chemical 
structures of the three different fluorogens used for imaging condensates:  
(i) NR, (ii) NB and (iii) MC540. c, Partition coefficients for NR and NB, measured 
for 37 condensates for NR for NB (grey circles) across two biological replicates. 

The median values are 6.5 and 40 for NR and NB, respectively. Shaded regions 
denote the probability density. d, Top, condensates formed by unlabelled 
A1-LCD molecules were imaged using differential interference contrast (DIC) 
microscopy. Bottom, NR partitions into A1-LCD condensates, and this fluorogen 
was imaged using point-scanning confocal microscopy (signal shown in the red 
channel). e, Line scan quantifications of partition coefficients of NR into A1-LCD 
condensates. f, Top, DIC images of A1-LCD condensates; bottom, confocal 
images showing the partitioning of NB into these condensates. g, Line scan 
quantifications of the partition coefficients of NB into A1-LCD condensates. For 
line scans e and g, five condensates across two biological replicates were used to 
derive median values (bold line) and the 95% confidence interval (shaded region).
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single-molecule localization microscopy (SMLM)42–45. As individual 
probes diffuse through solution, they remain dark until they encoun-
ter hydrophobic environments or bind to specific sites. If they are 
sufficiently immobilized within the pocket (for example, ~10 ms—the 
timescale of the camera integration time), then enough fluorescence 
signal can be accumulated to detect and localize single fluorogens. 
The fluorogens become dark when they leave the preferred sites17. 
Accumulating the positions of many blinking events yielded detailed 
SMLM maps of internal structures within condensates with nanoscale 
resolution and single-molecule sensitivity (Supplementary Video 1).

Super-resolution images of single condensates showed that both 
NR and NB exhibit non-uniform localization patterns (Fig. 2a,b). We 
measured digital on/off blinking of the fluorogens within apparent 
hotspots. These are repeated bursts of single-molecule fluorescence 
turning on and off via binding and unbinding/photobleaching. Based 
on computations11, we refer to the hotpots as hubs that are formed 
by physically crosslinked macromolecules within condensates. We 
observed nanoscale hubs in SMLM images collected using both NR 
and NB (Fig. 2c); these data recapitulate inhomogeneities observed 
via epifluorescence imaging (Extended Data Fig. 3) but with superior 
spatial resolution and single-molecule sensitivity.

To quantify the spatial inhomogeneity using single-molecule 
blinking (Fig. 2d), we calculated the excess variance of the number of 
single-fluorogen localizations within a spatial pixel within each con-
densate (Methods). If a fluorogenic probe has a uniform probability 
of blinking across the entire condensate, then its localization density 
would be Poisson-distributed46. This would yield an excess variance 
of zero (Supplementary Fig. 3). The condensates imaged sequentially 
by NB and NR showed larger than expected variances with a mean 

excess variance of 1.3 ± 0.8 (s.d. 2.1 × 104 localizations per condensate 
on average). Thus, SMLM shows that both NB and NR exhibit large 
and significant spatial variations in their blinking dynamics (Fig. 2d).

The super-resolution images of NR reveal the presence of 
nanoscale hubs (Fig. 2c). We measured the relative proportion of locali-
zations that are spatially clustered to quantify the relative affinities 
of NR and NB for the nanoscale hubs (Fig. 2e,f). For each localization, 
we compared the local and surrounding density and then computed a 
clustering coefficient47,48. Molecules with clustering coefficients above 
a threshold of 20 are classified as being clustered (Fig. 2e and Methods). 
For the five condensates imaged by NR and NB, 27 ± 3% of NR molecules 
and 13 ± 4% of NB molecules were clustered (Fig. 2f). This indicates that 
clustering was detected twice as often with NR when compared to NB. 
The implication is that although both probes exhibit a strong affinity 
to hubs, NR localized more strongly to hubs than NB.

Next, we quantified the similarities and differences between spatial 
inhomogeneities mapped using NR versus NB49,50. For images collected 
using both NR and NB, we found that the diffuse regions, characterized 
by small relative single-fluorogen localization densities, were mostly 
uncorrelated. However, regions exhibiting high NR and NB blinking 
events were highly correlated with one another (Extended Data Fig. 4). 
These data suggest that even though the affinities and binding lifetimes 
of the fluorogens at hubs are dye-specific, the presence of hubs and their 
identities, as measured by NR versus NB, were equivalent.

Slow-moving hubs coexist with fast-moving 
molecules
Our data indicate that nanoscale hubs are clusters of proteins that must 
be distinct local environments. Single-molecule imaging also shows 
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Fig. 2 | NB and NR bind to nanoscale clusters within condensates. a,b, SMLM 
images of a single A1-LCD condensate collected using NB (a) and NR (b). Insets, 
epifluorescence images. Scale bar 5 µm. Colour bars, number of single-molecule 
localizations within each 10-nm × 20-nm bin (white box). c, Localization line 
profile along the long axis of the white boxes in a and b. d, Quantifying the 
binding and activation of NB (blue) and NR (red) within five condensates using 
excess variance. Larger excess variance values represent greater heterogeneities 
in the blinking statistics of fluorogenic probes within a condensate; zero excess 
variance represents uniform blinking statistics throughout the condensate.  

e, A1-LCD condensate in b imaged by NR and colour-coded by clustering 
coefficient; molecules with clustering coefficients above a threshold of 20 
are classified as being clustered. Inset, map of regions that contain clustered 
NR localizations. f, Percentages of single-molecule localizations that are 
spatially clustered for five condensates (P = 4.9 × 10−4). For excess variance 
and localization clustering calculations (d and f), five condensates across two 
biological replicates were used to derive mean (centre line) ± s.d. (error bars). 
***P < 10−3. All P values were calculated using Welch’s unequal variances t-test 
(two-sided).
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that nanoscale hubs within each of the condensates disappear from 
one location and reappear at nearby locations (Supplementary Videos 
2 and 3). We probed these dynamics by tracking the movements and 
fluorescence burst durations of individual fluorogens (Supplemen-
tary Video 4). The burst duration tb is correlated with the amount of 
time a fluorogen spends in a fluorescence-promoting environment. 
The speed measures the distance covered by a fluorogen within 10-ms 
intervals (Fig. 3a and Extended Data Fig. 5). As a fluorogen explores a 
condensate, changes in the local environment cause both its burst 
duration and its speed of movement to vary. The burst durations of 
NR range from 10 ms to more than 170 ms (Fig. 3b). This heterogene-
ity is highlighted by reconstructing SMLM images using only single 
molecules with short burst durations (tb ≤ 60 ms; Fig. 3c) versus those 

with long burst durations (tb > 60 ms; Fig. 3d). Single molecules with 
short burst durations are distributed uniformly across the condensate, 
whereas hotspots are dominant in the long-burst-duration images. This 
trend was also observed when the condensates were imaged using NB 
(Extended Data Fig. 5i–k). However, when compared to NR, NB exhibits 
larger displacements (Extended Data Fig. 5b,d). These data are consist-
ent with the observation that the NB dyes localize to equivalent hubs 
within condensates but their dwell times at the hubs are different from 
those of NR.

We separated NB emitters into three categories based on their 
speeds (10 ms exposure times; Fig. 3e). An SMLM image, reconstructed 
from high-speed emitters, shows a uniformly distributed localization 
density across the condensate (Fig. 3f). These fluorogens were localized 
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Fig. 3 | Single-fluorogen tracking uncovers inhomogeneous molecular 
organization and dynamics. a, Trajectories (yellow lines) connecting single 
NR localizations (yellow dots) exhibit both short (i) and long ((ii) and (iii)) 
burst durations, as well as high (ii) and low (iii) speeds. b, Burst duration tb of 
each NR trajectory. The inset shows a zoom into the tail of the burst duration 
distribution. c,d, SMLM images of NR molecules with burst durations shorter 
than 60 ms (c) and longer than 60 ms (d) (partition shown as black line in b). 
Extended Data Fig. 5j,k shows burst duration data for NB. e, Speed distribution 
of NB measured between consecutive camera frames (10-ms exposure time). 
f,g, SMLM images of NB molecules with speeds larger than 14.7 nm ms−1 (f) and 
smaller than 7.3 nm ms−1 (g) (partitions shown as black lines in e). Extended 

Data Fig. 5e–g shows speed data for NR. h, Excess variance of NB localizations 
grouped by speeds (left, <7.3 nm ms−1; middle, between 7.3 and 14.7 nm ms−1; 
right, >14.7 nm ms−1). Blue lines, excess variance of NB within each condensate. 
i, Speeds of NB (blue) and NR (red) as a function of their fluorescence burst 
durations. Lines, mean value averaged over 1.5 × 105 trajectories for NB and 
129,000 trajectories for NR; shaded region, ±1 s.d. Six condensates were 
imaged across two biological replicates. j, Displacement in lattice units (l.u.) of 
each chain within a simulated A1-LCD condensate as a function of the number 
of intermolecular sticker–sticker interactions. Mean (line) ± s.d. (shaded 
region) shown. Results are from lattice-based Monte Carlo simulations11 (three 
independent simulations per condensate type).
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within sufficiently hydrophobic environments to emit fluorescence 
but bind relatively weakly, resulting in relatively high speeds. An SMLM 
image reconstructed solely from low-speed emitters exhibits clusters 
and non-uniform localization patterns (Fig. 3g). This phenomenon is 
consistent across six different A1-LCD condensates, where the average 
excess variance of single-molecule images, reconstructed using emit-
ters with low, medium and high speeds, are 0.84 ± 0.33, 0.13 ± 0.06 and 
0.05 ± 0.04, respectively (Fig. 3h). Condensates imaged using NR showed 
similar trends (Extended Data Fig. 5e–g). Overall, NR and NB emitters 
with longer burst durations tend to have lower speeds (Fig. 3i). The hubs 
revealed by longer-burst emitters and those sensed by slowly moving 
emitters are consistent with one another (Fig. 3 and Extended Data Fig. 5).

We hypothesized that the nanoscale hubs uncovered using NR 
and NB are direct readouts of networked A1-LCD molecules formed 
via reversible, intermolecular physical crosslinks among aromatic 
residues, referred to as stickers2,11,27. To test this hypothesis, we probed 
the correlation between molecular displacements and the extent of 
crosslinking in simulated condensates (Methods). These simulations 

show that A1-LCD molecules that are part of densely crosslinked net-
works have smaller overall displacements (Fig. 3j). The nanoscale 
hubs observed using single-fluorogen imaging appear to be clusters 
of A1-LCD molecules defined by higher extents of reversible, physi-
cal crosslinking. The fluorogens become trapped for longer times in 
nanoscale hubs because of the higher local density of stickers within the 
clusters that underlie the hubs. We conclude that dynamical inhomo-
geneities (Fig. 3) are a consequence of spatial inhomogeneities (Fig. 2). 
Similar observations of dynamical inhomogeneities arising from spatial 
inhomogeneities have been reported by Shen et al.51 using adaptive 
single-molecule tracking in condensates that form at the post-synaptic 
density. Likewise, computations that reproduce structure factors from 
small-angle neutron scattering measurements also show spatial and 
dynamical inhomogeneities52.

Number of aromatic residues impacts dynamics of 
PLCDs
The driving forces for phase separation of A1-LCD and designed 
variants thereof are governed by the number and types of aromatic 
residues2,27. We used NR and NB dyes to obtain comparative assessments 
of nanoscale structures within condensates formed by two variants of 
the A1-LCD system designated as Aro+ and Aro− (ref. 27). The Aro+ vari-
ant has more aromatic residues dispersed uniformly along the linear 
sequence when compared to the wild-type A1-LCD, whereas Aro− has 
fewer aromatic groups27 (Fig. 4a and Supplementary Table 1).

When probed using NB, the condensates formed by Aro+ dem-
onstrated the longest burst duration, with an average of 43 ms. By 
contrast, when probed using NB, the condensates formed by Aro− show 
an average duration of 26 ms (Fig. 4b). Note that although dense phase 
concentrations of proteins change minimally within the condensates 
formed by different variants2,11,27, the simulations suggest that the 
extents of crosslinking vary with the number (valence) of aromatic 
residues11,31. Simulations show that the numbers of sticker–sticker 
interactions are highest in condensates formed by Aro+ and lowest in 
condensates formed by Aro− (Fig. 4c). Thus, we infer that the longer 
burst durations for NB in Aro+ condensates are due to the higher valence 
of aromatic residues. This larger valence results in higher extents of 
physical crosslinking and longer-lasting nanoscale hubs that trap NB 
for longer times and lead to longer fluorescence bursts. In contrast, 
condensates formed by Aro− feature fewer sticker–sticker interac-
tions, leading to lower affinities and shorter burst durations when the 
condensates are probed using NB. Similar data were obtained when the 
condensates were probed using NR (Extended Data Fig. 6).

Dynamics can also be probed by measuring the speeds of fluoro-
gen displacements. The measured speeds serve as useful proxies for 
evaluating how the mobilities of fluorogens are impeded by crosslinks, 
which generate locally elastic networks31,53. Our single-molecule track-
ing measurements indicate that NR moves fastest in Aro− conden-
sates, with an average speed of 8.9 nm ms−1. By contrast, NR moves 
most slowly in Aro+ condensates, with an average speed of 6.7 nm ms−1 
(Fig. 4d). These observations are in line with findings from LaSSI 
simulations11,54, which show that proteins in Aro+ condensates have 
the smallest displacements and proteins in Aro− condensates have the 
largest displacements (Fig. 4e and Extended Data Fig. 7).

Imaging the interfacial features of condensates
The fluorescence of MC540 is influenced by the molecular organiza-
tion of the local environment55,56. We leveraged polarized epifluores-
cence microscopy to probe the orientational preferences sensed by 
this fluorogen (Methods). Condensates formed by Aro+ exhibited dis-
cernible red and blue hues at the interfaces of condensates, indicating 
a strong polarization preference at the interface (Fig. 5a). Comparing 
Aro+ with Aro− and wild-type A1-LCD, we note that the linear dichroism 
(Methods) distribution for Aro+ is broader and encompasses more 
instances with large absolute linear dichroism values (Fig. 5b).
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Although SMLM images show a high density of MC540 at the 
interface of LCD condensates (Fig. 5c), they do not provide insights 
into how MC540 binds to the proteins. Thus, we employed SMOLM 
(Methods) for measuring both the three-dimensional position and the 
orientation of MC540 (Extended Data Fig. 8 and Supplementary Video 
5). We quantified orientational preferences by quantifying the angle, 
denoted as δ, of MC540 in relation to the normal vector to the conden-
sate interface (Fig. 5d). The SMOLM images, colour-coded according 
to δ and referred to as δ-SMOLM, indicate that freely diffusing MC540 
dyes have a statistically significant preference for orientations parallel 
to the condensate interface (depicted in bluish hues in Fig. 5d). This 
orientational preference is observed at the interfaces of all three PLCD 
condensates (Fig. 5d). When comparing the median δ values across 
multiple condensates for the three LCD variants, we observed that 
Aro+ exhibits the highest δ value, with a mean of 61°, whereas Aro− and 
wild-type A1-LCD have similar mean values of δ, which are 57° and 56°, 
respectively (Fig. 5e).

Scaffolds show statistical preferences for orientations perpen-
dicular to the plane of the interface, and adsorbents show a statisti-
cal preference for orientations parallel to condensate interfaces57. 
MC540 may be viewed as an adsorbent, and the PLCD molecules are 
the scaffolds57. Unlike the adsorbents, scaffolds should have a statisti-
cal preference for perpendicular orientations. This expectation was 
confirmed using results from LaSSI simulations11, which show that 
scaffold molecules have smaller δ values (Fig. 5f and Extended Data 
Fig. 9). The observed orientational preferences become more pro-
nounced as the interactions among scaffolds become stronger with 

increasing numbers of aromatic residues (Fig. 5f). Taken together with 
the simulation results, the SMOLM data highlight the unique interfacial 
features of condensates.

Condensates as spatially inhomogeneous network 
fluids
The picture that emerges from single-fluorogen imaging is summarized 
in Fig. 6. The interiors of condensates are, on average, more hydro-
phobic than the coexisting dilute phases. Within condensates, spatial 
inhomogeneities are manifest as nanoscale hubs, and the fluorogens 
bind preferentially to hubs than the background of the condensate. 
SMOLM suggests that the interface between dilute and dense phases is 
a unique environment where MC540 molecules show marked orienta-
tional preferences that are more pronounced when the intermolecular 
interactions are stronger. Inhomogeneities on the micron scale have 
been established for stress granules58, nucleoli59, nuclear speckles60 
and the mitochondrial nucleoid10. Our work shows that nanoscale spa-
tial inhomogeneities are also present, thus giving condensates their 
sponge-like appearance61.

Other archetypes of LCDs that are drivers of condensate formation 
include RG-rich IDRs such as the N-terminal domain from the RNA heli-
case DDX4 (refs. 3,28) (Extended Data Fig. 10). Although the molecular 
grammars of RG-rich IDRs are different from those of PLCDs11, these 
domains appear to form condensates that respond in similar ways to NB 
and NR. This similarity is not surprising given recent findings regarding 
the π-character62 and their apparent hydrophobicity or arginine63 as 
probed by how water molecules organize around arginine sidechains64. 
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However, and in contrast to condensates formed by PLCDs and the 
RG-rich IDR of DDX4, the condensates formed by polynucleotides 
such as poly-rA respond very differently to NR (Extended Data Fig. 10). 
The implication is that different fluorogens, based on intercalation 
with nucleobases, are needed to probe the internal organization of 
RNA-rich condensates57.

Previous studies based on partitioning small molecules suggest 
that condensates have distinct chemical environments32–34. Our find-
ings indicate that partitioning data must be re-analysed through the 
lens of nanoscale spatial inhomogeneities within condensates. This 
will require adaptations of inhomogeneous fluid solvation theories65. 
In addition to necessitating a rethinking about partitioning data, our 
observations provide a structural and dynamical rationalization of 
reports of condensate viscoelasticity4–6,8,9,29,31,66–68.

The continued development of new dye functionalities69,70, imag-
ing hardware71 and analytical tools72 will help with uncovering spati-
otemporal organization and dynamics within condensates, including 
complex, multicomponent systems, thus enabling direct assessments 
of structure–function relationships of biomolecular condensates.
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Methods
Sample preparation
Expression and purification of A1-LCD. BL21-CODONPlus RIPL 
Escherichia coli cells (Agilent Technologies, 230280) transfected with 
Δhexa_His-TEV-A1-LCD (wild-type, Aro− or Aro+)27 were grown in LB 
broth (Sigma, L3522) in Erlenmeyer flasks with ≥ 5-fold head volume 
at 37 °C and 220 rotations per minute orbital shaking until optical 
density at a wavelength of 600 nm of ~0.6 was reached. Cultures were 
then chilled for 15 min in an ice bath before being induced with 0.35 mM 
IPTG. Expression-induced cultures were grown for 6 h at 37 °C. Cells 
were harvested by centrifugation, washed of residual media, flash 
frozen and stored as pellets in 50-ml Falcon tubes at −80 °C.

At the start of purification, the cell pellet was gently resuspended to 
homogeneity in 35 ml supplemented lysis buffer (50 mM MES, 500 mM 
NaCl, 14.3 mM BME (β-mercaptoethanol), 200 µM PMSF (phenyl-
methylsulfonyl fluoride); pH 6). Lysis buffer supplements are 500U 
DNAaseI (Sigma, 4536282001), 500U RNAse A (Sigma, 10109169001), 
5 mg lysozyme (Sigma, 62971-10G-F) and one protease inhibitor tablet 
(Sigma, 40694200). The cell suspension was lysed via sonication on a 
Branson 550 sonicator with an L102C horn attachment using five series 
of the following 20-round cycle: 1 s on/2 s off at 30% power. After a 30-min 
spin at 38,000g, the pellet was resuspended in a resuspension buffer (6 M 
GdmCl, 20 mM Tris, 15 mM imidazole, 14.3 mM BME and 200 µM PMSF; 
pH 7.5) via repeat pipetting and pulses of sonication until the solution 
was visibly homogenous. This solubilized pellet was spun at 38,000g for 
30 min, and the supernatant was applied to a gravity column with 5 ml 
bed volume of HiPur NiNTA resin (Fisher, 88223) equilibrated with resus-
pension buffer. The NiNTA resin was washed in 75 ml wash buffer (20 mM 
Tris, 30 mM ImZ, 4 M urea, 14.3 mM BME and 200 µM PMSF; pH 7.5), and 
then protein was eluted in elution buffer (20 mM Tris, 350 mM ImZ, 4 M 
urea, 14.3 mM BME and 200 µM PMSF; pH 7.5). Peak fractions from NiNTA 
affinity purification were pooled and diluted 1:1 in dilution buffer (20 mM 
Tris and 14.3 mM BME; pH 7.5). To this, 1 mg of TEV protease was added, 
and the mixture was dialysed overnight in dialysis buffer (20 mM Tris, 2 M 
urea, 50 mM NaCl, 0.5 mM EDTA and 1 mM dithiothreitol; pH 7.5). The fol-
lowing morning, the protein solution was filtered through a 0.22-µm filter 
and then further purified via ion-exchange chromatography on an ÄKTA 
Pure fast protein liquid chromatography (FPLC) module using a HiTrap 
SP 5 ml column (Cytiva, 17115201). The column was equilibrated with 
buffer A (20 mM Tris, 2 M urea, 50 mM NaCl and 14.3 mM BME; pH 7.5), and 
protein was bound and then subjected to a continuous gradient protocol 
from 0.05 M NaCl to 1 M NaCl. Fractions containing A1-LCD were pooled 
and then further purified and buffer exchanged using size-exclusion 
chromatography (HiLoad 16/600 Superdex 200 pg column (Cytiva, 
28989335)) into the following storage buffer: 20 mM MES and 4 M GdmCl 
at pH 5.5. Finally, protein was pooled and concentrated in Amicon Ultra 3 
molecular weight cut-off concentrator columns (Millipore-Sigma UFC, 
500396) according to the manufacturer’s suggestions. Concentrated 
protein was stored at 4 °C until used.

Expression and purification of DDX4-NT. BL21 E. coli cells (NEB, 
C2530H) transfected with His-SUMO-DDX4-NT28, a gift from L. E. Kay,  
were grown in the same manner as A1-LCD. Cells were lysed in the same 
manner as A1-LCD, with the only difference being the supplemented  
lysis buffer (20 mM sodium phosphate, 750 mM NaCl, 20 mM imida-
zole, 14.3 mM BME and 0.2 mM PMSF; pH 7.5). The supernatant was 
recovered from a 25-min spin at 38,000g and bound to an equilibrated 
HisTrap FF Crude 5 ml column (Cytiva, catalogue no. 11000458) using 
an ÄKTA Pure FPLC module. The NiNTA column was washed in 75 ml 
lysis buffer, and then protein was eluted in elution buffer (0.02 M 
sodium phosphate, 0.5 M NaCl, 0.35 M imidazole, 0.0143 M BME, 
0.0002 M PMSF; pH 7.5). Peak fractions from this affinity purifica-
tion were pooled and diluted 5-fold in dilution buffer (0.02 M sodium 
phosphate, 0.0143 M BME; pH 7.5). This solution was further puri-
fied via ion-exchange chromatography using a continuous gradient 

purification protocol with a HiTrap Heparin HP 5 ml column (Cytiva, 
17040703), buffer A (0.02 M sodium phosphate, 0.1 M NaCl, 0.0143 M 
BME; pH 7.5) and buffer B (0.02 M sodium phosphate, 0.1 M NaCl, 
0.0143 M BME; pH 7.5) on the ÄKTA Pure FPLC module. Peak frac-
tions containing SUMO-DDX4 protein were pooled and cleaved of 
SUMO tags during an overnight dialysis in the presence of 0.02× ULP1 
Protease in cleavage buffer (0.02 M sodium phosphate, 0.3 M NaCl, 
0.001 M Dithiothreitol; pH 7.5). DDX4-NT was purified to ≥98% using 
size-exclusion chromatography: HiLoad 16/600 Superdex 200 pg 
column (Cytiva, 28989335) on the ÄKTA Pure FPLC module in stor-
age buffer (0.022 M sodium phosphate, 1.1 M NaCl, 0.0143 M BME;  
pH 7.5). The DDX4-NT solution was supplemented with 10% glycerol and 
concentrated in Amicon Ultra 3 molecular weight cut-off concentrator 
columns (Millipore-Sigma UFC, 500396), and concentrated protein was 
aliquoted into single-use volumes (typically 10 µl), flash frozen in liquid 
N2 and stored at −80 °C. Each step of the purification was assessed in 
the same manner as described for A1-LCD.

Assessing protein purity. After each stage of purification (affinity, ion 
exchange, size exclusion and concentration steps), protein concen-
tration and nucleotide levels were assessed on a Nanodrop2000 via 
absorbance at 280-nm measurements (A280) and A260/A280 ratiomet-
ric measurements. Similarly, after each purification stage, the inputs, 
flow-throughs, washes and elutes were interrogated using sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (gel, BioRad mini-
PROTEAN TGX AnyKD, 4569036; MW latter, BioRad Precession Plus 
Protein Standard Unstained, 1610363), stained with EZblue Coomassie 
stain (10% (v/v) phosphoric acid, 10% (w/v) ammonium sulfate, 20% 
(v/v) methanol, 1.2% (w/v) Coomassie blue) and destained via serial 
washes in ddH2O. All proteins were purified to ≥99% purity assessed 
by densitometry of the Coomassie stained gels. Furthermore, all pro-
teins exhibited an A260/A280 ratio of <0.65, indicating no detectable 
nucleotide contamination.

Preparation of condensates for imaging. We adhered a silicone 
isolator (Grace Bio-labs, SKU 665206) to coverglass (Azer Scientific, 
ES0107242, high precision 1.5H, 24 mm × 60 mm, 170 ± 5 µm) to create a 
small chamber for imaging. To induce phase separation, we mixed 9 µl 
of ~100 µM A1-LCD (in 20 mM HEPES buffer; pH 7.0) with 1 µl of aqueous 
buffer (20 mM HEPES buffer with 3 M NaCl; pH 7.0) into the chamber 
to a final concentration of ~90 µM A1-LCD in 20 mM HEPES buffer with 
300 mM NaCl. We then immediately added 0.5 µl of a solution (20 mM 
HEPES buffer with 300 mM NaCl; pH 7.0) containing a fluorogenic 
probe (final concentrations shown in Supplementary Table 2) to the 
chamber. Phase separation occurs spontaneously within the chamber 
at room temperature (22 °C) to form condensates for imaging. We 
noticed that condensates made with mixtures of His-tagged A1-LCD 
and untagged A1-LCD did not completely wet the coverslip, permit-
ting condensates to remain distinct and unfused. We therefore use 
untagged A1-LCD for the wetting experiment shown in Extended Data 
Fig. 3, whereas an A1-LCD mixture containing ~20% His-tagged A1-LCD 
was used for experiments requiring distinct condensates shown in 
Figs. 1–3. The value we measure for csat for the His-tagged wild-type 
A1-LCD is 90 ± 4.5 µM at ~20 °C. Under similar solution conditions 
and at precisely 20 °C, the measured csat for the untagged A1-LCD is 
102 ± 4.7 µM. To put this in context, increasing the temperature by 
2 °C increases csat to 124 ± 5.5 µM and decreasing it by 2 °C lowers csat to 
77 ± 6 µM for the untagged A1-LCD. From the slope of the binodal that 
has been reported for A1-LCD, we infer that adding a His-tag is akin to 
lowering the temperature by 1°C. Because the measurements are made 
far away from the critical temperature (Tc ≈ 51 °C), the condensates 
we image are expected be close facsimiles of the condensates formed 
by the untagged A1-LCD. Furthermore, we use a mixture comprising 
His-tagged A1-LCD (20%) and untagged A1-LCD (80%) for our imaging 
studies. Therefore, the driving forces for condensate formation are 
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dominated by the untagged rather than His-tagged molecules. An iden-
tical procedure was followed for preparing Aro− and Aro+ condensates 
shown in Figs. 4 and 5, with the only difference being that we used a 
mixed 9 µl of ~160 µM Aro− A1-LCD to account for its lower saturation 
concentration (csat). To prepare DDX4 condensates for imaging, we 
mixed 1 µl of 2320 µM DDX4 (in 8 mM NaH2PO4, 12 mM Na2HPO4, 0.75 M 
NaCl) with 9 µl low-salt solution (8 mM NaH2PO4, 12 mM Na2HPO, 0 M 
NaCl) in a small chamber for imaging.

Preparation of condensates to measure driving forces for phase 
separation. Driving forces were quantified by measuring saturation 
concentrations (csat) of A1-LCD molecules in the presence of different 
concentrations of fluorogens used in this work (Supplementary Table 2). 
For each sample, we induced phase separation, incubated the sample at 
a given temperature for 30 min and then separated the dilute phase from 
the dense phase via centrifugation at 14,000g for 15 s. We then measured 
the protein concentration of the dilute phase. This is a standard assay 
for measuring csat because the dilute phase concentration is the csat that 
equalizes the chemical potential of the dense and dilute phases across 
the phase boundary. We mixed 42.5 µl of ~175 µM A1-LCD (in 20 mM 
HEPES buffer; pH 7.0) with 5 µl of salt buffer (20 mM HEPES buffer with 
3 M NaCl; pH 7.0) and 2.5 µl of a fluorogenic solution (20 mM HEPES 
buffer with 300 mM NaCl; pH 7.0) all at once in a low-protein-retention 
Eppendorf tube (Fisher, 11535564). The final concentration of A1-LCD 
was ~150 µM, and the final concentration of dye was matched to those 
used in the imaging experiments (Supplementary Table 2); final solution 
conditions were 20 mM HEPES buffer with 300 mM NaCl. Each condi-
tion shown in Extended Data Fig. 2 was prepared three times in parallel. 
Prepared protein and dye mixtures were allowed to phase separate for 
30 min at either 23 °C or 4 °C before the mixture was centrifuged, at its 
incubation temperature, at 14,000g for 30 s. Then, 10 µl of the resultant 
dilute phase was recovered, and protein concentration was measured 
using absorbance at 280 nm on a Nanodrop2000.

Optical microscope setup and imaging procedure
Optical setup. We used a home-built inverted microscope for epi-
fluorescence imaging, single-molecule imaging, single-molecule 
tracking (Supplementary Fig. 1a), polarized epifluorescence and 
single-molecule orientation imaging (Supplementary Fig. 1b). The 
microscope is equipped with an oil-immersion objective (Olympus 
UPLSAPO100XOPSF, NA 1.4). The excitation laser, dichroic mirror and 
emission filters were switched to match the excitation and emission 
spectra of NB, NR and MC540 (Supplementary Table 3). A relatively low 
peak laser intensity (~51 W cm−2) and high concentration of fluorogens 
were used for epifluorescence imaging (Supplementary Table 2). A rela-
tively large peak laser intensity ~4,088 W cm−2 coupled with ultra-low 
concentrations of fluorogens facilitates bright fluorescence flashes for 
single-molecule imaging, tracking and orientation measurement. Fluo-
rescence images were acquired by a Photometrics Prime BSI sCMOS 
camera controlled via Micro-Manager (v.2.0.3).

Polarization-sensitive epifluorescence imaging. We separate the fluo-
rescence emission from MC540 into x- and y-polarized channels (Ix, Iy). 
We then calculate linear dichroism as the ratio (Ix − Iy)/(Ix + Iy) , which  
takes values from −1 to +1. A linear dichroism value near +1 signifies that the 
x polarization dominates the fluorescence emission, whereas a negative 
linear dichroism value near −1 indicates dominance of y polarization.

Single-molecule orientation-localization measurement. For 
measuring the orientation of MC540 in condensates, we use the 
pixOL microscope, which enables three-dimensional position and 
three-dimensional orientation measurement simultaneously73 (Supple-
mentary Fig. 1b,c). The pixOL microscope is designed to show different 
dipole-spread functions on the camera, depending on the orientation 
and three-dimensional position of MC540 (Supplementary Fig. 1d–f).

Imaging protocols using multiple fluorogenic probes. Because the 
emission and excitation spectra of MC540 and NB are well separated, we 
imaged single condensates using multiple probes by switching the exci-
tation laser, dichroic mirror and emission filter appropriately without 
crosstalk (Supplementary Table 3). However, there is crosstalk between 
the emission spectra of NB and NR. The emission spectrum of NR signifi-
cantly overlaps with the red window of our microscope (676 ± 18 nm), 
whereas the emission of NB is barely observable in the orange window 
(593 ± 23 nm; Supplementary Fig. 4). Single NB molecules are virtually 
undetectable in the orange window (Supplementary Fig. 5). To image a 
single condensate using both NB and NR, we always captured NB images 
first in the absence of NR using the red-pass filter (Supplementary 
Table 3), where the solution containing A1-LCD and NB was prepared 
according to the procedure above and Supplementary Table 2. After 
NB imaging, we added 0.5 µl of a solution (20 mM HEPES buffer with 
300 mM NaCl; pH 7.0) containing NR (final concentrations shown in 
Supplementary Table 2) to the chamber. NR within the condensates 
was then imaged using the orange-pass filter. We observed stable, 
consistent intensity values (epifluorescence imaging) and blinking 
dynamics (single-molecule imaging/tracking) for NR within seconds 
of adding it to the imaging chamber.

Confocal imaging. Point-scanning confocal microscopy was carried 
out on a Leica STELLARIS 8 FELCON confocal microscope equipped 
with a white-light laser and adjustable band pass emission filters. This 
setup allowed imaging under the same excitation and emission wave-
lengths as those used in the custom-built microscope (see parameters 
for NR and NB in Supplementary Table 3). Samples were prepared as 
described in the ‘Preparation of condensates for imaging’ section, 
and concentrations of dyes matched to those used for epifluores-
cence imaging (Supplementary Table 2). These samples were imaged 
using a ×100 oil-immersion HC PL APO objective (1.40 NA) and a Leica 
Power HyD R detector. Z stacks were taken in 0.5 µm intervals from 
the coverslip surface up to at least 7 µm above this point. Images of 
stacks were taken sequentially using DIC/brightfield illumination 
followed by confocal imaging and at 8-bit depth. These image stacks 
were saved as TIFFs.

Statistics and reproducibility
No statistical method was used to predetermine sample size. At 
least three condensates per field of view and three fields of view per 
independent experiment were observed/measured for consistency. 
Single-molecule statistics utilize 500–105 localizations per condensate, 
depending on the experiment, which enables reliable calculations 
of means, medians and standard deviations as necessary. All micro-
graphs (for example, DIC and confocal images in Fig. 1d,f and polarized 
epifluorescence images in Fig. 5a, Extended Data Figs. 1, 3, 5 and 10 
and Supplementary Figs. 4 and 5) are representative of greater than 
three independent experiments / biological replicates. No data were 
excluded from the analyses except when filtering or thresholds were 
applied during image analysis as detailed below. All experiments were 
repeated a minimum of three times using independent preparations. 
Biological replicates are defined as condensates that are prepared 
either from batches of protein that have been purified from distinct 
bacterial expressions or condensates that have been prepared from a 
stock of protein that is kept in long-term storage for up to 6 months. 
Data collection and experimental conditions were not randomized. 
Data collection and analysis were not performed blind to the conditions 
of the experiments. All P values were calculated using Welch’s unequal 
variances t-test (two-sided); for these tests, the data distribution was 
assumed to be normal, but this was not formally tested.

Data analysis
Single-molecule detection and estimation algorithm. SMLM depends 
on sequential detection and localization of individual molecular 
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blinking events. These events are stochastic, and ref. 74 developed 
a bespoke regularized maximum-likelihood estimation algorithm, 
termed the robust statistical estimation (RoSE) algorithm, to robustly 
analyse frames containing a high density of active molecules, or mol-
ecules whose images overlap. This algorithm minimizes biases by jointly 
estimating the number and positions of blinking events to localize 
molecules more accurately and eliminate false localizations. We used 
RoSE74 to estimate single-molecule positions, brightness and fluores-
cence burst durations. A regularization parameter of 0.3 and a calibrated 
point-spread function75 model were used for estimation to account for 
optical aberrations. Details of the RoSE algorithm have been published 
and are not reproduced here. See the ̔ Code Availabilityʼ statement76.

Single-molecule orientation estimation. Single-molecule orienta-
tion measurement requires detection of fluorescence ‘flashes’ within 
raw camera images and estimating their three-dimensional positions 
and orientations based on the shape of the ‘flashes’. We use a bespoke 
maximum-likelihood estimator, RoSEO3D, to estimate the orientation 
and three-dimensional position as described by ref. 73. See the ʽCode 
availabilityʼ statement76.

Calculating the orientation angle δ. To calculate the orientation 
angle for MC540 measured with respect to the normal vector to the 
condensate interface, we first fit the estimated three-dimensional con-
densate structure to an ellipsoid (Supplementary Fig. 7). The normal 
vector to the condensate interface is calculated based on the surface 
of fitted ellipsoid. Next, we calculate the angle δ between the estimated 
orientation [θ,ϕ] and the surface normal. For comparing the orienta-
tion δ among three A1-LCD variants shown in Fig. 5e, we only consider 
emitters with high estimation precision, namely emitters with a signal 
count larger than 500 photons, with polar angle θ larger than 60° and 
with axial positions h in [100, 800] nm. These filters ensure precise 
and reliable measurements of δ because dim molecules high above 
the coverslip are more difficult to measure.

Single-molecule tracking analysis grouping localizations and 
quantifying burst durations and displacement trajectories. At low 
concentrations of fluorogens, emitters are sparse enough to be easily 
distinguishable from one another. Two localizations are classified as 
originating from a single emitter if they appear within two adjacent 
camera frames and are separated by a distance smaller than a threshold 
T = 175 + 4σr nm, where σr is the localization precision that varies for 
emitters with different signal-to-background ratios (~15 nm on aver-
age). Localizations collected at 10-ms intervals (the exposure time 
of the camera) are grouped together into a single trajectory until an 
emitter becomes dark: namely, when all emitters in the next frame 
are separated by a distance >T from the current emitter. The burst 
duration of a fluorescence emitter is equal to Nf × 10 ms, where Nf is the 
number of frames in the trajectory (Fig. 3b). The speed of an emitter is 
calculated as the Euclidean distance between its positions in each pair 
of consecutive frames within a trajectory (Fig. 3e,h,i); if the trajectory 
is longer than two frames, then each speed, calculated from a pair of 
frames, is reported separately (for example, in Fig. 3e).

Quantifying the degree of clustering within each condensate. The 
clustering coefficient is calculated for each localization based on Rip-
ley’s H(r) and Getis and Franklin’s L(r) functions47,48. To assign a cluster 
coefficient to the ith localization pi, we define a circular region centred 
at pi with a radius r of 50 nm. The radius r is chosen to be larger than 
the localization precision, ~15 nm, of SMLM. This choice also ensures 
against blurring out the local information. The number of single mol-
ecules within this circular region is used to quantify

H (r) = √
Npi
λπ

− r (1)

Here, Npi represents the number of SMs within the circular region, and 
λ is the average localization density across each condensate. The cluster 
coefficient quantifies how clustered or dispersed the measured distri-
bution is when compared to a uniform distribution. Localizations are 
classified as clustered if H(r) is above some threshold (for example,  
20 in Fig. 2e).

Excess variance. We note that if single-molecule localizations are 
described by a homogenous Poisson process, otherwise referred 
to as complete spatial randomness, then we expect the mean  
localization density to match the variance of the localization  
density when both statistics are calculated across an entire conden-
sate or multiple condensates. Thus, the heterogeneity of localiza-
tions within a condensate may be quantified using excess variance, 
defined as

V = variance (Scon)
mean (Scon)

− 1 (2)

Here, Scon represents a collection of localization densities (per 
20-nm × 20-nm bin) measured within a condensate. We expect a uni-
formly random distribution to have an excess variance of zero (Sup-
plementary Fig. 3). An excess variance larger than zero represents 
heterogeneous structures.

Coordinate-based correlation between fluorogens. We quantified 
the colocalization between pairs of fluorogenic probes (A and B) 
directly using the position coordinates provided by SMLM rather than 
the brightness of pixels within an image49. To calculate the 
coordinate-based correlation (CBC) value for a specific localization Ai 
from dataset A, the distribution of localizations from both species A 
and B around Ai is calculated as

DAi ,A (r) =
NAi ,A (r)

NAi ,A (Rmax)
R2max
r2

(3)

DAi ,B (r) =
NAi ,B (r)

NAi ,B (Rmax)
R2max
r2

(4)

where NAi ,A (r) and NAi ,B (r) are the number of localizations of species A 
and species B within the distance r around Ai, respectively. In our cal-
culation, we set Rmax to be 300 nm, which determines the size of the 
region over which correlations are calculated. We then calculate the 
rank correlation coefficient as

SAi =
∑Rmax
rj=0 (ODAi ,A (rj) − ŌDAi ,A ) (ODAi ,B (rj) − ŌDAi ,B )

√
(∑Rmax

r j=0 (ODAi ,A (rj) − ŌDAi ,A )
2
)
√
(∑Rmax

r j=0 (ODAi ,B (rj) − ŌDAi ,B )
2
)
(5)

where ODAI ,A is the rank of DAI ,A, and ŌDAI ,A is the mean of ODAI ,A. The CBC 
value of Ai is calculated using

CBCAi = SAi exp (−
EAi ,B
Rmax

) (6)

with EAi ,B as the distance from Ai to the nearest neighbour from species B.  
CBC values range from −1 to 1.

Analysis of confocal images. Condensates were imaged as a confocal 
Z stack. All images shown are of a single Z slice that is representative 
and 1.5 µm above the coverslip; brightness and contrast have been 
optimized. Line scans were carried out using the line tool and plot 
profile analysis in ImageJ (v.14.0/1.54f). Line thickness was set to  
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3 pixels, and the same length of line was drawn through five conden-
sates per condition (NR and NB). Condensates were analysed if they 
had equivalent diameters. The resultant intensity profiles were used 
to obtain median and 95th percentile confidence interval values of 
dye intensity. Partition coefficients were determined as follows: using 
only Z slices 1.5 µm above the coverslips, coordinates of condensates 
were calculated via Otsu thresholding. Condensates smaller than 30 
pixels (0.1411 µm per pixel) were omitted. Using the analyse particle 
tool, the mean intensity value (in arbitrary units (a.u.)) for individual 
condensates was saved as ‘condensate signal’. To use these values to 
obtain partition coefficients (PCs), we carried out additional analysis 
as follows: an independent thresholding procedure was applied to 
duplicated images to obtain the aggregate intensity of all coordinates 
in the frame that fell outside the condensate signal that we term 
‘background’. Individual PCs are the difference of the condensate 
signal and background. PC values are reported as a normalized value, 
where 1 is the background.

LaSSI simulations
To provide a physical interpretation for why NR and NB dyes are trapped 
for longer periods of time at hubs, we analysed published results from 
lattice-based LaSSI simulations11. Interactions for A1-LCD and related 
PLCDs follow a hierarchy whereby interactions between aromatic 
residues are the strongest11. Aromatic residues of A1-LCD and related 
PLCDs function as stickers that enable physical crosslinking of these 
molecules2,27. Conversely, charged and polar residues interspersed 
between the stickers act as spacers2,27. The simulations of ref. 11 showed 
that the spatial inhomogeneity and network connectivity within PLCD 
condensates are governed by the valence of stickers27 and differences 
in interaction strengths between different stickers and spacers11.

Simulations were performed using LaSSI54, a lattice-based Monte 
Carlo engine, as described previously11. Monte Carlo moves are 
accepted or rejected based on the Metropolis–Hastings criterion so 
that the probability of accepting a move is equal to min(1, exp(−βΔE)), 
where β = 1/kT. Here, kT is the simulation temperature and ΔE is the 
change in total system energy associated with the attempted move. 
Total system energies were calculated using a nearest-neighbour 
model and previously derived interaction parameters, which have 
been shown to accurately capture the phase behaviour of A1-LCD and 
variants thereof27. For each simulation, 200 distinct chain molecules 
comprising 137 beads each were placed in a cubic lattice with a length 
of 120 lattice units. Previous calibrations have shown that the num-
bers of molecules used in these simulations are adequate to avoid 
problems due to finite size effects. The simulations were performed 
for 1012 Monte Carlo moves and were allowed to equilibrate such that 
the chains formed a single condensate with a coexisting dilute phase 
before any analysis was performed. Given our interest in the dynamics 
of the condensate chains, we limited the Monte Carlo move set to 
local moves, eliminating non-physical moves that are part of the total 
set of moves. The jumping distance of chains in the condensate was 
calculated by tracking the distance moved by the centre of mass of 
each chain after 2.5 × 108 total system Monte Carlo moves. The num-
ber of sticker–sticker interactions was calculated by counting the 
number of intermolecular interactions between aromatic beads (Phe 
or Tyr). Beads are interacting if they are within √3  lattice units. We 
performed five independent simulations, and the results shown 
aggregate all replicates.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data necessary to interpret, verify and extend the research in this Arti-
cle may be accessed via OSF at https://osf.io/3qm2c/ (ref. 77).

Code availability
Custom code utilized in this study, including RoSE and RoSEO3D, may 
be accessed via OSF at https://osf.io/3qm2c/ (ref. 76). RoSEO3D is under 
active development and publicly available on GitHub at https://github.
com/Lew-Lab (ref. 77).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Calibration of the Nile red (NR) dye in homogeneous 
solutions. a: The intensity of NR at different concentrations dissolved in an 
aqueous buffer comprising 20 mM HEPES with 300 mM NaCl. This buffer 
is identical to the one used for preparing A1-LCD condensates. Images were 
captured with the microscope focused on the coverslip. Note that the intensity 
increases with NR concentration. b: Intensity of NR at different concentrations 
dissolved in dimethyl sulfoxide (DMSO). Images were captured on the coverslip. 
The intensity increases with NR concentration. Comparing panels in a to panels 
in b, we see that at equivalent concentrations of NR, the intensities in DMSO are 
at least three orders of magnitude higher than in aqueous buffers. c: In aqueous 
buffers, molecules of NR form aggregates at or above concentrations of 652 µM. 
This image is captured above the coverslip. The morphologies of NR aggregates 
are different from the hubs we observed in condensates. d: and e: There is a 
linear correspondence between brightness, quantified in terms of the number of 
photons collected, and the concentration of fluorogens we use, both in aqueous 

buffers (d) and in DMSO (e). f: Fluorescence intensity of 56 µm NR solutions in 
different solvents. These measurements highlight the increased brightness of the 
solvatochromic NR as the hydrophobicity of the solvent increases. Calibration of 
the increase in fluorescence intensities is provided by the color bar. g: The data 
in (f) are summarized by plotting the average intensities of the images. h: The 
emission spectrum of NR in three different solvents. The emission spectrum of 
NR in the aqueous buffer is scaled by a factor of 300 for better visualization. The 
emission spectrum of NR is blue-shifted as the hydrophobicity of the solvent 
increases. i: The dielectric constant of 100% DMSO is 46.7 and that of aqueous 
solutions is ~78 at 296 K. At high concentrations of NR (652 µM), we quantified 
the fluorescence intensity as a function of % DMSO. These measurements show 
that the aggregates present in aqueous buffers (0% DMSO) are absent even in the 
presence of 10% DMSO. As the % of DMSO increases, the NR intensity increases 
by 2–4 orders of magnitude, thus highlighting the fluorogenic nature of NR. The 
experiments were conducted more than three times to ensure repeatability.
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Extended Data Fig. 2 | Quantifying the effects of different fluorogens on 
the driving forces for phase separation. Driving forces were quantified by 
measuring saturation concentrations (csat) of A1-LCD molecules in the presence 
of different amounts of the different fluorogens used in this work. Within the 
error of the measurements, we find that adding Nile red (NR), Nile blue (NB), 
and merocyanine 540 (MC540) at different concentrations have minimal effects 
on the measured values of csat. This inference is made based on comparisons to 
measurements made in the absence of dyes (black circles). All measurements 

were performed using a starting concentration of 150 µM A1-LCD in 20 mM 
HEPES buffer and 300 mM NaCl at (a) 4 °C and (b) 23 °C. Prepared protein and 
dye mixtures were allowed to phase separate for 30 minutes at the indicated 
temperatures before the dilute phase was separated from the dense phase via 
centrifugation and protein concentration measured using absorbance at 280 nm. 
Each set of samples was prepared in triplicate and measured independently; each 
triplicate measurement is shown as individual filled circles.
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Extended Data Fig. 3 | Dynamic wetting of the glass coverslip by A1-LCD condensates. The images were captured using (a) NB, (b) NR, and (c) MC540. Colorbars: 
intensity (a.u.). The experiments were conducted more than three times to ensure repeatability.
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Extended Data Fig. 4 | Spatial inhomogeneities within A1-LCD condensates 
imaged by NB and NR are highly correlated. a, b, and c: Correlation between NB 
and NR measured for three different A1-LCD condensates. SMLM images of single 
condensates collected using (i) NB and (ii) NR. Insets: epifluorescence images. 
Color bars: number of single molecules within each 20 nm × 20 nm bin. (iii) 
Coordinate-based correlation (CBC) between NR and NB localizations averaged 
for localizations within each 20 nm × 20 nm bin. (iv) Distribution of CBC scores 

for (blue) NB and (red) NR. (v) CBC of NB (blue) and NR (red) plotted as a function 
of localization density. Solid lines: median value; shaded area: 25th-75th percentile. 
d: A condensate measured using (i) NB and (ii) NR as shown in a. We swapped 
emitters in the four regions of (ii) to form (iii) a modified NR condensate that 
should have weak correlations with the original condensate in a. (iv) CBC values 
between (i) NB localizations and (iii) the modified NR localizations.
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Extended Data Fig. 5 | Tracking single-molecule fluorescence bursts and 
speeds reveal inhomogeneous molecular distributions within A1-LCD 
condensates. a, b: Distribution of (a) burst durations and (b) speeds for NB 
(blue) and NR (red). c: Mean burst duration for individual condensates. d: Median 
speed for fluorogens within individual condensates (p = 0.041). * denotes  
p value < 0.05. All p values were calculated using Welch’s unequal variances t-test 
(two-sided). Single-molecule tracking of (e-h) NR and (i-k) NB. e: NR speeds 
measured between consecutive camera frames (10 ms exposure time). f, g: SMLM 

images of NR with speeds (f) larger than 14.7 nm/ms and (g) shorter than 7.3 nm/ms.  
h: Excess variance of NR localizations grouped by speed (left: ≤ 7.3 nm/ms, 
middle: between 7.3/ms and 14.7 nm/ms, right: >14.7 nm/ms). Lines: excess 
variance of molecules within each condensate. i: Fluorescence burst durations tb 
of NB. j, k: SMLM images of fluorogens (NB) with burst durations (j) shorter than 
60 ms and (k) longer than 60 ms. Six condensates (18,300 ± 7,120 [mean ± SD] 
localizations each for NR, 49,300 ± 3,310 localizations each for NB) across two 
biological replicates were used to derive mean (center line) +/− SD (error bars).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Speeds and burst durations of NR and NB molecules 
within Aro–, WT, and Aro+ condensates. a, b: Measurements of (a) NR and (b) NB 
for three different LCDs. i, Distribution of burst duration. Vertical lines: mean 
burst durations. Yellow, Aro-; red, WT; blue, Aro+. ii, Mean burst duration for 
individual condensates. pNB,Aro−,WT = 0.016,pNB,Aro−,Aro+ = 0.0063.  
iii, Distribution of speed. Vertical lines: median speeds. iv, Median speed  
for individual condensates. pNR,Aro−,Aro+ = 0.0078,pNR,WT,Aro+ = 0.024.  
v, Distribution of signal photons. Vertical lines: median signals. vi, Median signal of  
SMs in individual condensates. pNR,Aro−,WT = 0.011,pNR,WT,Aro+ = 0.023,pNB,Aro−,WT  

= 3.0× 10−5,pNB,WT,Aro+ = 0.004. vii, Speeds of SMs as a function of their burst 
durations. viii, Signal photons of SMs as a function of their burst durations.  

ix, Signal photons as a function of their speed. Shaded region: ±1 standard 
deviation. For NR imaging, 3 Aro– (12,100 ± 3,140 [mean ± SD] localizations each), 
3 WT (40,400 ± 12,300 localizations each), and 3 Aro+ (49,300 ± 19,500 
localizations each) condensates (technical replicates) were used to derive mean 
(center line) +/− SD (error bars). For NB imaging, 3 Aro– (30,300 ± 11,800 
localizations each), 6 WT (60,400 ± 22,600 localizations each), and 6 Aro+ 
(106,000 ± 53,200 localizations each) condensates across two biological 
replicates were used. * denotes p values < 0.05, ** denotes p values < 0.01, and  
*** denotes p values < 10−3. All p values were calculated using Welch’s unequal 
variances t-test (two-sided).
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Extended Data Fig. 7 | LaSSI simulations of condensates formed by Aro–, WT, 
and Aro+. a: Distribution of the number of sticker-sticker interactions. Yellow, 
Aro-; red, WT; blue, Aro+. b: The median number of sticker-sticker interactions 
within individual condensates (reproduced from Fig. 4c). c: Distribution of 

displacement of protein chains. Vertical lines are the median displacements in 
lattice units (l.u). d: The median displacement of protein chains (reproduced 
from Fig. 4e). Mean (center line) ± 1 standard deviation (error bars) shown. Three 
independent simulations were performed for each of the three variants.
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Extended Data Fig. 8 | Single-molecule orientation-localization microscopy 
(SMOLM) of Aro-, WT, Aro+ condensates. a: Single-molecule orientation image 
with colors representing the measured azimuthal angles φ in the xy-plane.  
b: Single-molecule orientation image with colors representing the orientation 

angle δ  measured with respect to the normal vector to the condensate interface; 
the median angle δ is depicted within each 50 nm × 50 nm bin. The images are 
reconstructed from localizations of freely diffusing MC540.
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Extended Data Fig. 9 | Orientation of MC540 measured by SMOLM and 
orientation of protein chains quantified in LaSSI simulations of different 
condensates. a: Distribution of the orientation angle δ  for MC540 measured 
with respect to the normal vector to the condensate interface using SMOLM. 
Vertical lines: median value of orientation δ. Yellow, Aro-; red, WT; blue, Aro+.  
b: Median δ values computed across individual condensates (circles, reproduced 
from Fig. 5e). Here, 7 Aro– (520 ± 75 [mean ± SD] localizations each), 6 WT 
(1,310 ± 703 localizations each), and 7 Aro+ (2,170 ± 943 localizations each) 

condensates across three biological replicates were used to derive mean (center 
lines) +/− SD (error bars). pAro−,Aro+ = 0.0031,pWT,Aro+ = 0.033. c: Distribution 
of orientation δ  of protein chains in LaSSI simulations. Vertical lines: median 
orientation δ. d: δ values computed from LaSSI simulations using orientations of 
protein molecules at the interface (3 independent simulations per condensate 
type, reproduced from Fig. 5f). pAro−,WT = 6.36× 10

−4. * denotes p values < 0.05, 
** denotes p values < 0.01, and *** denotes p values < 10−3. All p values were 
calculated using Welch’s unequal variances t-test (two-sided).
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Extended Data Fig. 10 | Epifluorescence microscopy reveals that different 
fluorogenic probes sense chemical environments inside DDX4-IDR 
condensates from different perspectives. Imaging DDX4-IDR condensates 
using a. Nile blue (NB), b. Nile red (NR), and c. merocyanine 540 (MC540).  

(i) Chemical structures. (ii) Typical condensates as viewed by epifluorescence 
microscopy. (iii) Fluorescence intensity profiles along the long axis of white box 
shown in (ii). d. Imaging poly-rA condensates using NR. The experiments were 
conducted more than three times to ensure repeatability.
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