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B I O P H Y S I C S

Lipid-driven condensation and interfacial 
ordering of FUS
Sayantan Chatterjee1,2†, Daria Maltseva2†, Yelena Kan1,2,3, Elnaz Hosseini2, Grazia Gonella2,4, 
Mischa Bonn2, Sapun H. Parekh1,2*

Protein condensation into liquid-like structures is critical for cellular compartmentalization, RNA processing, and 
stress response. Research on protein condensation has primarily focused on membraneless organelles in the ab-
sence of lipids. However, the cellular cytoplasm is full of lipid interfaces, yet comparatively little is known about 
how lipids affect protein condensation. Here, we show that nonspecific interactions between lipids and the disor-
dered fused in sarcoma low-complexity (FUS LC) domain strongly affect protein condensation. In the presence of anionic 
lipids, FUS LC formed lipid-protein clusters at concentrations more than 30-fold lower than required for pure FUS 
LC. Lipid-triggered FUS LC clusters showed less dynamic protein organization than canonical, lipid-free FUS LC con-
densates. Lastly, we found that phosphatidylserine membranes promoted FUS LC condensates having  sheet struc-
tures, while phosphatidylglycerol membranes initiated unstructured condensates. Our results show that lipids strongly 
influence FUS LC condensation, suggesting that protein-lipid interactions modulate condensate formation in cells.

INTRODUCTION
Lipid membranes are responsible for maintaining physical barriers 
around and establishing subcellular compartments within mamma-
lian cells. Molecular heterogeneities associated with the structure of 
cellular membranes are thought to be responsible for controlling many 
biological processes such as membrane trafficking, cell signaling, 
sorting of membrane proteins, and cellular transport (1–4). Recent 
findings that macromolecules can spontaneously demix into mem-
braneless biomolecular condensates (BCs) have challenged the belief 
that cellular compartmentalization requires membrane barriers. BCs 
are liquid-like assemblies of proteins and nucleic acids held together 
by multivalent interactions. P-granules, stress granules, Cajal bodies, 
and nucleoli are just a few examples for which demixing and self-
assembly of proteins and other macromolecules are believed to play 
an important role (5–7). As a consequence of being liquid-like and 
requiring multivalent interactions, BCs often contain proteins with 
substantial disorder, known as intrinsically disordered proteins (IDPs). 
Over the past decade, numerous BC-forming IDPs have been identi-
fied via in vitro experiments, and triggers that drive condensation of IDPs, 
such as changes in local concentration, salt concentration, pH, and tem-
perature, have been intensely explored (8–11). While phase separation 
of macromolecules into lipid-free BCs in vitro has been a strong focus, 
the cytoplasm of mammalian cells contains countless membrane-
wrapped organelles. Therefore, self-assembling macromolecules and 
membranes are undoubtedly near one another in cells, yet only a hand-
ful of studies have investigated how membranes affect BC formation.

Lipid membranes have been shown to drive bundling/clustering 
of actin filaments, catalyze actin polymerization by locally increasing 
protein concentration at the membrane, and promote condensation 
of disordered proteins (12–14). Similarly, recent work by Stone et al. 
(15) showed that lipid domains sequestered B cell receptors that

ultimately led to additional sorting of interacting proteins. In all these 
cases, a specific protein-lipid interaction was required to produce 
the observed phenomenon, or the receptor was anchored into the 
membrane. While specific anchoring of proteins to membranes can 
locally concentrate proteins and stimulate protein-protein inter-
actions at concentrations far below what is required in lipid-free 
solutions, the role of nonspecific protein-lipid interactions, particu-
larly with respect to the formation of liquid-like BCs at membranes, 
is unclear. Previous work has highlighted the catalytic influence 
of nonspecific protein-lipid interactions on the formation and struc-
ture of solid protein aggregates (16, 17). For example, membranes 
have been shown to modify the protein structure of -synuclein (18), 
A42 (19), or Tau (20–22), leading to  sheet–enriched amyloid fibrils. 
However, the impact of nonspecific interactions on liquid BC for-
mation is unknown. In this work, we investigate how nonspecific 
membrane-protein interactions affect BC formation.

Considering the diversity of lipids in the cytoplasm and the many 
IDPs that have been identified to form liquid-like BCs, several ques-
tions can be asked regarding protein phase separation/clustering 
resulting from protein-lipid interactions. Here, we present results 
demonstrating how the nature of the head group, even among lipids 
with identical charge, can trigger distinct phase separation and pro-
tein structuring at lipid interfaces, using the fused in sarcoma (FUS) 
low-complexity (LC) domain as a model IDP. We combined fluo-
rescence and broadband coherent anti-Stokes Raman scattering (BCARS) 
imaging with interface-specific vibrational sum-frequency genera-
tion (SFG) spectroscopy to probe the interaction of FUS LC–lipid in 
situ. Our experiments show that phospholipid membranes trigger 
FUS LC phase separation via nonspecific interactions at ~30-fold 
lower concentrations compared to bulk, with different lipid head 
groups causing unique protein structuring at lipid interfaces.

RESULTS
Anionic lipids catalyze condensation of FUS LC
FUS is an RNA binding protein that is part of stress granules formed 
inside the cytosol via liquid-liquid phase separation (7, 23, 24). FUS 
LC (residues 1 to 163) is a Q/S/Y/G-rich intrinsically disordered domain 
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that is known to exhibit numerous self-interactions and has been 
well characterized in terms of its phase-separating behavior in vitro, 
in bulk solutions (23, 25). Recently, Yuan et al. (14) showed that 
his-tagged FUS LC could phase-separate at lipid membranes and 
deform unilamellar vesicles when bound by specific Ni–NTA (nitri-
lotriacetic acid)–His interactions. As FUS LC does not specifically 
interact with membranes in cells, we asked whether nonspecific 
protein-lipid interactions could influence FUS LC phase separation.

As a starting point, we probed the influence of small unilamellar 
vesicles (SUVs), having a size similar to endocytic and exocytic vesicles, 
on FUS LC phase separation. We chose biologically relevant phos-
pholipids present in the plasma membrane and on intracellular or-
ganelle membranes: phosphatidylcholine (PC), phosphatidylserine 
(PS), and phosphatidylglycerol (PG), which are zwitterionic, anionic, 
and anionic, respectively. Because cellular membranes facing the 
cytoplasm contain mostly (poly)unsaturated lipids, we used 18:1 
(dioleoyl) unsaturated lipids for the present studies (26). The hydro-
dynamic diameter of the pristine SUVs was characterized by dynamic 
light scattering (DLS), and these samples were used without any 
further processing. We found that the concentration of SUVs from PC, 
PG, and PS was ~1015 particles/ml (fig. S1 and table S1). At 10 M 
FUS LC, far below the bulk concentration of FUS LC (~150 M) (10) 
required for condensate formation in room temperature phosphate-
buffered saline (PBS) (pH 7.4), we observed that negatively charged 
SUVs (from PG and PS lipids) caused FUS LC condensation (Fig. 1A). 
In addition to light microscopy, we used DLS to characterize the 
SUVs in PBS before and after incubation with 10 M FUS LC. DLS 
results showed a new size distribution in DOPG [1,2-dioleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (sodium salt)] and DOPS [1,2-
dioleoyl-sn-glycero-3-phospho-l-serine (sodium salt)] SUVs after 
incubation with FUS LC but not for DOPC (1,2-dioleoyl-sn-glycero-
3-phosphocholine). Turbidity measurements at 600-nm excitation 
showed that DOPS (0.126 ± 0.001) and DOPG (0.105 ± 0.002) had 
reduced transmittance upon addition of FUS LC compared to SUVs 
or FUS LC alone. The microscopy results and bulk assays confirm 
that DOPG and DOPS membranes catalyze the formation of 
micrometer-scale, phase-separated clusters at a much lower concen-
tration than without lipids via nonspecific interactions. As PC lipids 
did not appear to catalyze cluster formation, we restricted our study 
to FUS interacting with PG and PS lipids in what follows. To further 
explore the effect of nonspecific interactions between PG and PS 
SUVs and FUS LC, we varied the protein bulk concentration and 
observed that protein-lipid cluster formation occurred at 5 and 3 M 
FUS LC concentration for DOPS SUVs and DOPG SUVs, respec-
tively (fig. S2). We then varied the number of SUVs at a fixed FUS 
LC concentration of 10 M and investigated cluster formation. Our 
results show that cluster formation can be triggered at ~1000-fold 
dilution of SUV concentration for PG and PS SUVs (fig. S3). As 
DOPG and DOPS are nominally negatively charged, it appears that 
FUS LC has a sufficiently strong interaction with negatively charged 
lipids to drive cluster formation. We note that FUS LC has a very 
low negative charge density (with two negative charges and zero 
positive charges) at pH 7.4, so the interaction with negatively charged 
PS and PG lipids is likely not electrostatic.

Fluorescence microscopy of labeled lipids and FUS LC showed 
that DOPS and DOPG SUVs caused micrometer-sized phase-separated 
clusters containing FUS LC and lipids (Fig. 1B). A similar type of 
membrane-triggered aggregation of -synuclein has been reported 
by Dobson and co-workers (18, 27). We note that fluorescence 

colocalization of FUS LC and lipids and turbidity values were differ-
ent for PG versus PS SUVs in the presence of FUS LC, suggesting 
that the micrometer-scale, phase-separated clusters from the two lipid 
head groups are somehow unique. To probe the protein dynamics 
inside the protein-lipid colocalized clusters, we used fluorescence 
recovery after photobleaching (FRAP) experiments (Fig. 1C) using 
0.1 mole percent (mol %) of N-terminal Cy3-labeled FUS LC in PBS 
buffer (pH 7.4). From these experiments, the estimated half-life (t1/2) 
value for FUS LC in PG SUVs revealed a relatively slower (t1/2 = 
30.5 ± 1 s) fluorescence recovery compared to FUS LC recovery in 
PS SUVs (t1/2 = 19.5 ± 2 s) (Fig. 1D). In addition, we found that 
PS–FUS LC clusters show less total fluorescence recovery. The de-
creased fluorescence intensity recovery and increased recovery speed 
of FUS LC in PS–FUS LC clusters show that the material properties 
of PG and PS protein-lipid clusters are distinct. The results indicate 
that fewer FUS LC molecules are free to move in PS clusters, but 
those that can move do so with increased mobility when compared 
to PG clusters. The FUS LC–lipid clusters that we study here show 
much retarded and only partial recovery compared to pure FUS LC 
condensates (near-full recovery, with t1/2  =  4.5  ±  2.5 s; Fig.  1D); 
hence, the FUS LC–lipid clusters appear to be more solid-like com-
pared to pure FUS LC condensates. This is distinct from the 
phase-separated FUS LC protein networks on giant (~30-m-diameter) 
vesicles initiated by specific Ni-NTA–His interactions in the work 
of Yuan et al. (14), which the authors described as liquid-like. The 
interactions between FUS LC and SUVs are nonspecific in our work, 
and we use ~20-nm SUVs, both of which likely contribute to the 
different recovery times of the clusters that we report here (14).

Protein and lipid composition in PS and PG protein-lipid 
clusters is similar
With turbidity assays and FRAP experiments showing that FUS LC 
phase separation triggered by DOPS and DOPG lipid membranes 
exhibits unique properties, we wondered whether the molecular 
composition of FUS LC–lipid clusters triggered by DOPS and DOPG 
SUVs was similar. To that end, we used molecular microscopy via 
nonlinear Raman scattering to quantify the composition of protein-
lipid clusters. We have previously used quantitative BCARS micros-
copy for measurements of protein structure and composition in pure 
FUS LC BCs, peptide-polymer phase-separated systems (28), and 
lipid droplets (23, 29). BCARS can also shed light on the subtle dif-
ferences between DOPS and DOPG SUVs from, e.g., lipid packing 
(29), that potentially cause the differences in turbidity or FRAP seen 
for FUS LC–lipid clustering.

We first used BCARS to acquire the hyperspectral images of pris-
tine, as-prepared concentrated DOPS and DOPG SUVs (Fig. 2, A and B). 
The Raman bands at ~2850, 2888, 2930, 2950, and 3010 cm−1 were 
assigned to the symmetric CH2 stretching, antisymmetric CH2 stretch-
ing (and CH2 Fermi resonance), CH3 symmetric, antisymmetric CH3 
stretch, and ═C─H stretch, respectively, based on previous coher-
ent Raman scattering work (30–32). Because the relative abundance 
of CH2 groups in lipid molecules is higher than that of CH3 groups, 
BCARS intensities at 2850 and 2888 cm−1 (due to CH2 vibrations) 
were dominant over CH3 group vibrations at 2930 and 2950 cm−1, 
as expected. The CH vibrational features for the SUVs from both 
lipids are highly similar. The lipid packing ratio I2888 cm

−1/I2850 cm
−1 

that reports on the packing of the lipid acyl tails was 0.99 ± 0.13 for 
DOPG and 0.92 ± 0.11 for DOPS pristine SUVs, showing that acyl 
chains were in liquid form in both types of SUVs, as expected (33–35). 
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DOPG membranes were slightly more tightly packed than DOPS 
membranes, possibly because of a less bulky head group.

Upon adding FUS LC to the PS and PG SUVs, the spectral shapes 
of the protein-lipid clusters for both types of SUVs changed sub-
stantially. This change reflects the presence and interaction between 
FUS LC and lipids in the SUVs. DOPS and DOPG SUV–FUS LC 
clusters shared several overlapping vibrational bands in CH stretching 
region, most prominently an increased CH3 symmetric (2930 cm−1) 
band from the protein CH3 groups (Fig. 2, C and D) (31). Thus, the 
2930 cm−1 band provides a mostly protein-specific signal, while the 
2850 cm−1 CH2 symmetric band reflects mostly lipids. The BCARS 
spectrum of the pristine phase-separated FUS LC was measured as a 
control and showed a strong CH3 and aromatic CH stretch peak with 
only a shoulder for the CH2 symmetric peak (fig. S4).

The protein signal at 2930 cm−1 increased relative to the lipid signal 
(at 2850 cm−1) in PG– and PS–FUS LC clusters (Fig. 2, C and D). 
Protein-lipid clusters were imaged on the basis of the integrated CH 
band (from 2840 to 3050 cm−1) as shown in Fig. 2 (E and F). Ratio 
images of the lipid and protein bands (I2930 cm

−1/I2850 cm
−1) allowed 

us to compare the relative abundance of proteins and lipids in the 
PG– and PS–FUS LC clusters (Fig. 2, G and H). These images show 
that the normalized protein signal (at 2930 cm−1) in the FUS LC–PS 
and FUS LC–PG SUV clusters were similar and nonuniform (varying 
by up to threefold), with FUC LC–PS clusters having slightly more 
protein compared to lipids compared to PG clusters on average.

The cytosol contains different membranes with distinct morpholo-
gies, and these membrane interfaces play crucial roles in many sub-
cellular processes. Hence, we were curious to investigate the impact 
of larger model membrane systems, in addition to SUVs, on FUS 
LC phase separation. We prepared pristine DOPS and DOPG giant 
unilamellar vesicles (GUVs) via electroformation and incubated 
them with FUS LC (5 M) in PBS, taking care to match the osmo-
larity across the GUVs with glucose during formation. Even at this 
low concentration, we observed a protein signal at the surface of 
both DOPS and DOPG GUVs (fig. S5). With the protein signal being 
localized primarily at the periphery of the GUVs, this indicates that 
the nonspecific interaction between the protein and lipid again 
drives protein interaction. However, with no obvious morphological 

Fig. 1. Negatively charged lipid membranes trigger FUS LC condensation at 10 M FUS LC. (A) Bright-field images of FUS LC (10 M) in the presence and absence of 
different SUVs (~1015 SUVs/ml) in PBS (pH 7.4) (pristine FUS LC, FUS LC + DOPC SUVs, FUS LC + DOPG SUVs, and FUS LC + DOPS SUVs, from left to right). Scale bars, 10 m. 
(B) Confocal microscopy images of SUVs {doped with 0.1 mol % of 18:1 Liss Rhod PE [1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Lissamine rhodamine B sulfonyl) 
(ammonium salt)]} incubated with 10 M FUS LC (doped with 0.1 mol % of Cy5-labeled FUS LC) in PBS buffer (pH 7.4). From left to right: Bright-field image, lipid, and 
protein fluorescence channels and merged fluorescence images. Top: FUS LC and DOPG SUVs. Bottom: FUS LC and DOPS SUVs. Scale bars, 10 m. (C) Representative im-
ages from FRAP experiments of 0.1 mol % Cy3-labeled FUS LC (10 M) incubated with DOPG (top) and DOPS (bottom) SUVs. The yellow circle marks the bleached area. 
Scale bars, 5 m. (D) Normalized fluorescence intensity of FUS LC from FRAP experiments. Lines show the average traces from N = 5 samples for FUS LC condensates 
(black) and FUS LC + DOPG SUV (red) and FUS LC + DOPS SUV (blue) clusters. The shaded regions show the SDs for each type of sample. a.u., arbitrary units.
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differences for FUS LC–lipid clusters for SUVs or GUVs from fluo-
rescence or BCARS microscopy, we next used interfacially specific 
vibrational SFG spectroscopy to probe for molecular-scale differences.

Interfacial protein structuring at lipid monolayers
FRAP, DLS, and turbidity experiments showed that protein-lipid 
clusters formed by PS and PG SUVs with FUS LC are distinct, and 
the BCARS data show that the protein:lipid composition is slightly 
different for PG versus PS lipids. Therefore, we speculated that the 
nature of the lipids, despite having the same net charge, influenced 
protein organization at the lipid interface. Indeed, a very recent report 
by Hannestad et al. (36) highlighted a very similar phenomenon for 

-synuclein interacting with DOPS and DOPG SUVs. Therefore, we 
used interfacially specific SFG spectroscopy, a second-order nonlinear 
spectroscopy to probe molecular structure precisely at the lipid inter-
face. In contrast to BCARS, SFG provides a readout of molecular vibra-
tions that exhibit noncentrosymmetric organization at interfaces (37).

To probe the interactions between the FUS LC and PG and PS 
lipids, we formed lipid monolayers at an air-buffer interface and 
simultaneously measured both SFG and surface pressure (SP) sig-
nals in the absence and presence of FUS LC (Fig. 3). SFG spectra of 
pristine DOPG and DOPS monolayers prepared on a PBS subphase 
with an SP of ~20 mN/m are shown as the black curves in Fig. 3 
(A and B, respectively). The SFG signal centered at ~1740 cm−1 was 
present for both DOPG and DOPS and corresponds to the carbonyl 
stretching vibration originating from C═O group of the lipids at the 
lipid-buffer interface. Upon addition of 3 M FUS LC into the PBS 
subphase (t = 0 in Fig. 3, C and D, black curves), the SP increased for 
both DOPG and DOPS monolayers by an initial jump of 13 mN/m, 
a clear indication that FUS LC adsorbed/inserts to both monolayers 
to a similar extent. However, in the case of the DOPG, the SP pla-
teaued, while it continued to gradually increase for DOPS. Looking 
at the SFG signal, we observed no change in the signal for DOPG 
after the addition of FUS LC. In particular, there was no change in 
the amide I region after adding FUS LC (red curve, Fig. 3A), even 
more than 2.5 hours after protein addition. Combining the SFG and 
SP experimental results, we conclude that FUS LC protein adsorbs 
to the DOPG monolayer (based on SP results); however, it remains 
disordered (based on SFG results).

On the contrary, the SFG response was markedly different for 
the DOPS monolayer. After FUS LC was added to the subphase, a 
peak in the amide I region centered at ~1675 cm−1 appeared after 
~1 hour and grew substantially over the next ~1.5 hours (green curves, 
Fig. 3B). The presence of an SFG amide I response indicates a net 
ordering of FUS LC amide bonds at the DOPS monolayer. On the 
basis of previous SFG studies, the observed amide I signal frequency 
suggests that the interfacial FUS LC protein adopts a  sheet confor-
mation at the DOPS monolayer (38–40). Spectral fitting of the SFG 
amide I region (see fig. S6 and table S2) to isolate the contribution 
of the amide I signal in the measured SFG spectra allowed quantifi-
cation of the amide I intensity over time. The increase of this peak 
over time, similar to the SP, shows that folding and/or ordering of 
FUS LC at the DOPS monolayer interface is also accompanied by a 
slower but steady increase in SP (Fig. 3D). Figure 3D shows that the 
initial FUS LC adsorption process resulting in the large SP increase 
happens on a short time scale compared to the FUS LC interfacial 
ordering.

While the amide SFG spectroscopy demonstrates FUS LC order-
ing at the DOPS lipid layer, another important feature of protein 
adsorption to the lipids is the hydration of the interface. To address 
this question, we probed the CH stretch (2800 to 3100 cm−1) and OH 
stretch (3200 to 3700 cm−1) vibrations using SFG. SFG spectra ac-
quired in CH/OH stretching region for DOPG showed no significant 
changes in spectral shape and/or intensity of the CH or OH vibra-
tional response after the FUS LC addition, similar to that seen for 
the amide I mode (Fig. 3E and table S3). As before, DOPS lipid inter-
faces were again different. The SFG OH stretching signal intensity 
increased substantially for the DOPS monolayer (Fig. 3F) in the pres-
ence of FUS LC. The increased OH signal shows that protein-lipid 
interaction strongly perturbed the hydration compared to the pris-
tine DOPS-buffer interface. The increased OH signal for FUS LC 

Fig. 2. BCARS hyperspectral imaging of FUS LC–lipid clusters. (A and B) Resonant 
BCARS spectra of pristine DOPS SUVs and DOPG SUVs, respectively. (C and D) Resonant 
BCARS spectra of phase-separated clusters after adding 10 M FUS LC to DOPS SUVs 
and DOPG SUVs (~1015 SUVs/ml), respectively. Buffer conditions were PBS (pH 7.4). 
All spectra were normalized by the intensity at 2850 cm−1. Dark lines and shaded 
areas in (A) to (D) are the average and SD from n > 3 samples from three indepen-
dent sample preparations. (E and F) Representative total CH (2840 to 3050 cm−1) 
region images of FUS LC DOPS and DOPG FUS LC–lipid clusters, respectively, from 
spectral integration. (G and H) Protein:lipid ratio images, with ratios calculated by 
the integrated intensity of the CH3 symmetric peak (2930 cm−1) divided by the in-
tensity of the CH2 symmetric peak (2850 cm−1) from the FUS LC–lipid clusters 
imaged in (E) and (F), respectively. Note that the images are thresholded such that 
regions with very little 2850 cm−1 are set to 0. Scale bars, 1 m.
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ordering at the DOPS interface possibly comes from enhanced or-
dering of OH bonds in water or from OH moieties of FUS LC side 
chains (present in tyrosine and serine). The spectral feature centered 
at ~3300 cm−1 (less apparent before and more apparent after FUS 
LC addition) corresponds to the ─NH stretching (41). After FUS 
LC addition, a relatively pronounced ─NH signal appeared, likely 
because of the reorganization of the DOPS lipid head group in the 
monolayer induced by FUS LC adsorption and/or by ─NH groups 
in FUS LC itself. Looking at the CH peaks (indicated by cyan, ma-
genta, and purple dots in Fig. 3F) shows that their relative intensity 
also changed for the DOPS monolayer with a much larger ICH3/ICH2 
ratio (fig. S7 and table S4). However, because both lipid and FUS LC 
molecules contain CH2 and CH3 moieties in their chemical struc-
tures, the exact origin of CH signal changes is challenging to assign.

FUS LC  sheet structuring is more prominent on DOPS 
lipid bilayers
SP measurements clearly showed that FUS LC adsorbed to PG and 
PS monolayers, and SFG spectroscopy showed protein ordering and 
 sheet formation at DOPS lipid monolayers. As a follow-up experi-
ment, we investigated whether FUS LC showed a similar association 
and structuring at planar lipid bilayers. Therefore, we used supported 
lipid bilayers (SLBs) with total internal reflection fluorescence 
(TIRF) microscopy for direct visualization of the FUS LC binding to 
PG and PS lipid bilayers. TIRF allows fluorescence detection from 

the first ~200 nm above the glass surface with minimal background. 
TIRF images of pristine SLBs from DOPG and DOPS labeled with 
18:1 Liss Rhod PE [1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(Lissamine rhodamine B sulfonyl) (ammonium salt)] on cleaned 
glass slides showed uniform fluorescence, as expected (fig. S8). Next, 
we added 10 M FUS LC to the SLBs. Because the amide I response 
in SFG took ~1  hour to appear after FUS LC addition to the PS 
monolayer (Fig. 3, B and D), we imaged labeled FUS LC and SLBs 
in TIRF 1 hour after FUS LC addition. Both PG and PS SLBs showed 
micrometer-sized structures in the lipid channel (Fig. 4, A and G, 
respectively) that were evenly distributed in the field of view. Looking 
at labeled FUS LC, we also saw micrometer-sized features on PS and 
PG SLBs, as expected from SP measurements, showing an increase 
after FUS LC addition to both monolayers. The micrometer-sized 
features in the protein channel were less prominent than structures 
in the lipid channel (Fig. 4, B and H). These features show that FUS 
LC modifies the morphology of lipids from a homogeneous bilayer 
to a patchy distribution of spherical domains.

With SFG experiments showing a dominant  sheet amide I signal 
for FUS LC when incubated with DOPS monolayers, we used thio-
flavin T (ThT), a well-known  sheet binding molecule (42, 43), to 
assay for  sheet structuring of FUS LC in the presence of PG and PS 
SLBs. ThT (blue) and Cy5–FUS LC (red) channels in Fig. 4 (E and K) 
show increased colocalization for PS SLBs. To quantitatively analyze 
the ThT and FUS LC colocalization, we used metric matrices for the 

Fig. 3. SFG spectra show FUS LC orders at DOPS membranes. (A) SFG spectra acquired in the amide I and carbonyl stretching region for a DOPG monolayer,  ~ 20 mN/m, 
before (black) and after (red, t ~ 12,000 s) FUS LC addition. (B) SFG spectra acquired in the amide I and carbonyl stretching region for a DOPS monolayer,  ~ 20 mN/m, 
before (black) and after (green, t ~ 12,000 s) FUS LC addition. (C) Time dependence of the SP change  after the addition of FUS LC to the PBS buffer subphase (at t = 0) 
for the DOPG monolayer. The red circle indicates the time at which the red SFG spectrum in (A) was recorded. (D) Time dependence of  (black) and integrated SFG 
amide I intensity (green) after the addition of FUS LC to the PBS buffer subphase (at t = 0) for the DOPS monolayer. Amide I intensity was obtained from SFG spectral fitting 
to data in (B), with the same color coding. (E and F) SFG spectra acquired in the ─CH and ─OH stretching region for a DOPG and DOPS monolayer, respectively, before 
(black) and after (red and green) FUS LC addition. The colored dots in (E) and (F) indicate the spectral peak assignments: (cyan) symmetric CH2 stretching, (magenta) 
symmetric CH3 stretching, and (purple) symmetric CH3 stretching (Fermi resonance). IR, infrared.
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threshold overlap score (TOS) for the analysis of localization pat-
terns for ThT and Cy5–FUS LC channels (see Fig. 4E for PG and 
Fig. 4K for PS). Such analysis provides localization patterns by cal-
culating values of a colocalization metric for many threshold combi-
nations (44–46). The matrix showed colocalization at different threshold 
values for the signal intensities of Cy5–FUS LC and ThT. TOS 
matrices for both ThT–FUS LC on PG SLBs and ThT–FUS LC on 
PS-SLBs showed colocalization (TOS > 0) at many threshold com-
binations (Fig. 4, F and L, for PG and PS, respectively). However, at 
high signal intensities, i.e., small FT for Cy5 and small FT for ThT, 
there are some differences in FUS LC–ThT colocalization between 
the PG and PS FUS LC samples. PS SLBs showed higher ThT–FUS 
LC TOS (more red pixels in Fig. 4, F and L) compared to PG-SLBs. 
Figure S9 shows an additional SLB experiment with TIRF images from 
which the same conclusions can be drawn. This quantitatively demon-
strates a higher degree of protein-ThT colocalization in ThT and 
FUS LC on PS SLBs, which is consistent with the increased  sheet 
presence observed in SFG spectroscopy of FUS LC at PS monolayers.

DISCUSSION
Nonspecific interactions between anionic lipids (in this case, DOPS 
and DOPG) and Q/S/Y/G-rich FUS LC domain, but not DOPC lip-
ids, showed the ability to substantially reduce the threshold for FUS 
LC condensation (by at least 30-fold) compared to pure FUS LC in 
solution. Reduction of the FUS LC phase separation concentration 
is similar to what has been seen for specific interactions between 
FUS LC and membranes. Notably, the FUS LC–lipid clusters that 
formed here via nonspecific interactions are more solid-like than 

those created and previously observed from specific interactions be-
tween phase-separated proteins and lipids (14, 24). While DOPS and 
DOPG lipids both catalyze FUS LC condensation with lipids through 
nonspecific interactions, the difference in FUS LC structure at the 
two lipid interfaces shows that not all anionic lipids lead to the same 
protein-lipid cluster formation. Thus, head group charge is not the 
only important feature of lipids in promoting protein condensation.

The unique interactions responsible for FUS LC–phospholipid 
phase separation at the PS or PG lipid interfaces appear to depend 
on the nature of the head group, possibly originating from differences 
in lipid packing or head group charge density. Such molecular-level 
discrimination allows different lipids to manipulate FUS LC folding 
and eventually form phase-separated protein-lipid clusters that are 
distinct in composition and structure (Fig. 5). A similar observation 
of unique protein-lipid interaction has been recently reported for 
nonspecific, electrostatic interactions of aggregation-prone -synuclein 
with PG and PS SUVs (36). In that study, Hannestad et al. (36) found 
changes in adsorption kinetics and remodeling of SUVs, whereas 
we find unique protein structuring and protein-lipid cluster com-
position for the two SUVs. -Synuclein has an N-terminal amphipathic 
helix that is known to mediate interaction with membranes, while 
FUS LC has no obvious lipid-binding domain. Previous work on 
-synuclein has suggested that defects in lipid packing could strongly 
affect protein-lipid interaction, with poorer packing increasing in-
teraction (47, 48). We found that PS SUVs, which contain slightly 
less packed lipids compared to PG SUVs, showed a larger FUS LC:lip-
id ratio. In addition, FUS LC ordered into  sheet structures at the 
PS lipid interface but remained unstructured at the PG interface. 
Given that FUS LC does not have an obvious membrane-interacting 

Fig. 4. FUS LC–lipid clusters on DOPS bilayers bind more thioflavin T than clusters on DOPG bilayers. TIRF microscopy images of SLBs incubated with FUS LC 
(10 M) and thioflavin T (ThT) (10 M). Images of DOPG SLBs (left) and DOPS SLBs (right) of (A and G) lipid, (B and H) protein, (D and J) protein (green)–lipid (red) composite, 
(C and I) ThT, (E and K) protein-ThT composite, (F and L) metric matrix plots for the median TOS (linear) value for protein-ThT colocalization analysis. Lipids were visualized 
by doping with 0.1 mol % Liss Rho PE; FUS LC was imaged with 0.1 mol % of Cy5-labeled FUS LC. ThT, lipid, and FUS LC images were acquired at 405-, 561-, and 641-nm 
wavelength laser excitation, respectively. Scale bars, 1 m.
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domain, clarifying the mechanisms through which PG and PS lipid 
interactions affect FUS LC ordering is an area of future interest.

In conclusion, we have shown that FUS LC phase separation can 
be catalyzed by nonspecific interactions with negatively charged lipid 
membranes, despite having a slightly negative charge at physiologi-
cal pH. FUS LC together with negatively charged, PS or PG, lipids 
resulted in phase separation of FUS LC at 5 M bulk concentra-
tion, which is ~30-fold lower than is required for FUS LC alone un-
der identical buffer conditions. Unexpectedly, PS membranes lead 
to the formation of  sheet structures at the lipid interface, whereas 
PG lipids did not lead to discernible protein structuring. This differ-
ential protein structuring perhaps arises from the different charge 
density of the head groups or lipid packing in PG versus PS lipids. 
Our results suggest that PG/PS lipids in the cell cytosol could lead to 
increased phase separation of FUS, and possibly similarly dis-
ordered proteins such as  TAR DNA binding protein 43 (TDP-43), 
into solid-like clusters in contrast to liquid-like condensation from 
protein-protein or protein-RNA interactions in the absence of lipids.

MATERIALS AND METHODS
Sample preparation
DOPG, DOPS, DOPC, and 18:1 Liss Rhod PE were purchased from 
Avanti and used as received. All solvents and other materials were 
purchased from Sigma-Aldrich and used without any further distillation.

Protein expression and purification
RP1B FUS LC 1–163 plasmid for protein expression was a gift from 
N. Fawzi (Addgene plasmid #127192; http://n2t.net/addgene: 
127192; Research Resource Identifier: Addgene_127192). Human 
FUS LC (residues 1 to 163) was expressed in chemically competent 
Escherichia coli bacterial strain. Cells were grown in LB medium con-
taining kanamycin, shaking at 37°C until reaching an optical density 
at 600 nm within 0.6 to 1. Expression was induced by addition of 
isopropyl--d-thiogalactoside (IPTG) to its final concentration of 
1 M. After 4 hours of IPTG addition, cells were centrifuged at 4500g 
for 10 min at 4°C. Resultant pellet was stored at −20°C. For cell ly-
sis, the pellet was redispersed in 20 ml of phosphate buffer (pH 7.4) 
(containing 300 mM NaCl and 10 mM imidazole) and sonicated in 
an ice bath. The lysed cells were sediment by centrifugation at 18,500g 

for 1 hour at 4°C. Obtained pellet was redispersed in solubilizing 
buffer [phosphate buffer (pH 7.4) containing 300 mM NaCl, 10 mM 
imidazole, and 8 M urea] and stirred overnight at 4°C. Sample was 
centrifuged again at 18,500g for 1 hour at 4°C, and the supernatant 
was loaded to Ni-NTA agarose resin–containing columns. After bind-
ing of His-tagged protein to Ni-NTA (for 1 hour at 4°C), the unbound 
proteins and cell fragments were washed several times with phos-
phate buffer (pH 7.4) containing 300 mM NaCl and 5 mM imidazole. 
Protein of interest was subsequently eluted in steps by running through 
the washing buffer with increasing imidazole concentration (10, 20, 
40, and 100 mM). Purified protein was cleaved by diluting in solu-
bilizing buffer with the addition of tobacco etch virus protease with 
a 1:10 mass ratio. Cleaved purified protein was buffer-exchanged to 
CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) (pH 11) overnight, 
then concentrated using a 3-kDa Amicon filter, and stored at −80°C.

Protein labeling
Cy3-NHS (N-hydroxysuccinimide) ester or Cy5-NHS ester dyes 
(Lumiprobe) were dissolved in 100 l of dry DMF (N,N′-dimethyl-
formamide) to make the stock of 10 mg/ml. Molar excess (10×) of 
dye solution in DMF was added to the FUS LC protein, and the re-
sultant mixture was incubated overnight at 4°C. The excess dye was 
removed by dialysis against 20 mM CAPS (pH 11) at 4°C for 24 hours 
with change of buffer every 4 hours. The labeled FUS LC was con-
centrated using a 3-kDa Amicon filter, the percentage of dye labeling 
was confirmed by an ultraviolet-visible spectrometer, and protein 
was stored at −80°C for further use.

Preparation of SUVs
We used a standard method for SUV preparation. Briefly, lipids 
were spread on a fresh standard glass vial, hydrated with agitation, 
and then detailed to obtain a homogeneous distribution of vesicles. 
Typically, 1 mg of either DOPG or DOPS was dissolved in 1 ml of 
chloroform (for fluorescence experiments, 0.1 weight % of 18:1 Liss 
Rhod PE was doped in the lipid solution) and mixed thoroughly by 
vortexing for 10 s, and then volatile was removed under vacuum to 
yield a lipid film on the vial walls. Next, the dried lipid film was 
hydrated with PBS buffer (pH 7.4) and incubated overnight at 4°C 
to yield large, multilamellar vesicles. Disruption of multilamellar 
vesicles into SUVs was done by a probe tip sonicator at 40% ampli-
tude for ~10 min. The average hydrodynamic diameter of the SUVs 
was measured by DLS studies.

SUV-derived cluster formation
FUS LC in CAPS buffer (pH 11) was mixed with SUVs (~1015 SUVs/ml; 
lipid concentration of 1 mg/ml) in 500 l of PBS, and the final pH 
of the mixture was adjusted to 7.4. The final concentration of 
FUS LC was 10 M. The mixture was incubated for 2 hours at 22°C 
for further use. All mixing was performed at room temperature. 
The imaging was done on the Olympus IX70 microscope by drop-
casting the solution on the glass slide (20 mm by 20 mm). Image 
analysis was carried out with FIJI. Additional methods for SFG 
spectroscopy, SP measurements, BCARS microscopy, and TIRF 
microscopy are in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/sciadv.
abm7528

View/request a protocol for this paper from Bio-protocol.

Fig. 5. Schematic representation of FUS LC–lipid cluster formation on DOPG 
and DOPS membranes. Phase separation of FUS LC takes place in the presence of 
(A) DOPS SUVs and (B) DOPG SUVs. (i) Noncovalent interaction between protein 
and lipid head groups, (ii) phase separation and/or ordering of FUS LC at lipid inter-
faces with  sheet ordering of FUS LC on PS membranes, and (iii) the formation of 
micrometer-sized FUS LC–lipid clusters.
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