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Self-organization of biomolecules can lead to the formation of liquid droplets, hydrogels, and irre-

versible aggregates that bear immense significance in biology and diseases. Despite the considerable
amount of studies conducted on biomolecular condensation in bulk solution, there is still a lack of
understanding of how different surfaces regulate the condensation process. In this context, recent
studies showed that, in contrast to zwitterionic lipid membranes, anionic membranes promoted the
production of liquid droplets of FUsed in Sarcoma Low Complexity domain (FUS-LC) despite exhibit-
ing no specific protein-lipid interactions. Moreover, the air-water interface led to a solid fibril-like
aggregate of FUS-LC. The molecular mechanism of condensation/aggregation of proteins in response
to surfaces of various charged states or levels of hydrophobicity remains to be better elucidated. Here,
we provide initial insights into this question by investigating the stability of a small 8 fibril state of
FUS-LC in bulk solution vs. membrane- and air-water interfaces. We perform multiple independent
molecular dynamics simulations with distinct starting conformations for each system to demonstrate
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the statistical significance of our findings. Our study demonstrates the stability of the FUS-LC
fibril in the presence of anionic membranes on the us timescale while the fibril falls apart in bulk
solution. We observe that a zwitterionic membrane does not enhance the stability of the fibril and
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) has a higher propensity to stabilize the fibril than
dioleoylphosphatidylglycerol (DOPG), in qualitative agreement with experiments. We further show
that the fibril becomes more stable at the air-water interface. We pinpoint interfacial solvation at
the membrane- and air-water interfaces as a key factor that contributes to the stabilization of the
peptide assembly.

1 Introduction _
branes have been shown to promote cluster/aggregate formation

Liquid liquid phase separation (LLPS) of intrinsically disordered
peptides (IDPs) and nucleic acids has emerged as a vital and ubiq-
uitous phenomenon that regulates various cellular processes such
as transcription, genome organization, immune response and
many more. 1’3 LIPS derived biomoleuclar condensates (BCs)
may transform into stable aggregated states that are linked to
various neuro-degenerative diseases.#®> Although LLPS induces
cellular compartmentalization in a membraneless manner, cells
contain various membrane enclosed organelles, and how mem-
branes of these organelles regulate the localization and properties
of the condensates remains an active topic of research. 58 Mem-
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of disordered proteins through both speciﬁc and non-specific
protein-lipid interactions1320, For example, anionic membrane
mediated secondary nucleation is identified as a key step for the
membrane induced aggregation of IAPP.2U Further, helix dipole
of IAPP is considered to play an important role in the membrane
mediated self assembly pathway'z_Z] Apart from membranes, hy-
drophobic surfaces are also known to be the driver of biomolecu-
lar aggregation. A unifying molecular mechanism that explains
biomolecular condensation in the presence of surfaces of differ-
ent levels of hydrophobicity and charge patterning is yet to be
established.

FUsed in Sarcoma (FUS) is a RNA binding protein implicated in
neurological disorder425, Its N-terminal Low Complexity (FUS-
LC) domain, which is rich in QSYG repeat, is known to undergo
LLPS when the concentration reaches a threshold value.26227 [n
the canonical liquid droplet, FUS-LC maintains a dynamic, dis-
ordered structure that involves multivalent interactions among
various residue typeslzg. FUS-LC also forms amyloid like fibril
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with an S bent topology by its N-terminal residues 39-9528 and
a U shaped fibril with residues 112-150223%, Recent experiments
revealed that anionic lipid membranes induce the liquid droplet
formation at a concentration that is ~ 30 fold lower than that
required for bulk phase condensate formation (FUS-LC residues
1-163)2Y In that study, a zwitterionic lipid membrane (DOPC)
did not lead to any droplet formation whereas a DOPS (anionic)
membrane specifically gave rise to -sheet like ordering of FUS-
LC. At the air-water interface, the same FUS-LC region forms solid
fibril like aggregates at an even lower concentration?®, Inter-
estingly, aging of the liquid droplet state can lead to a multi-
phase architecture!/ where surface of the droplet plays a crucial
role®234 It remains unclear in molecular level details how dif-
ferent interfaces influence the condensation of FUS-LC.

One common feature for the anionic membrane surface and the
air/water interface is that water molecules therein have strongly
preferred orientations®>3¢ These aligned water molecules to-
gether with nearby charged groups (e.g., phosphate groups in the
lipids) can lead to significant local electric fields. For example,
organic surfactant molecules were shown to induce local align-
ment of water molecules where an effective electric field of ~ 1
V /nm emerges from both surfactant and water molecules.2Z The
unique solvent distributions at these interfaces also perturb in-
termolecular interactions between solutes. For instance, it was
demonstrated that oppositely charged ion-pairs become more at-
tractive and like-charged ion-pairs less repulsive at the air-water
interface compared to the bulk.®® Therefore, it is important to an-
alyze the potential contributions of interfacial solvent and electric
field distributions to the assembly of IDPs such as FUS-LC.

Motivated by such consideration, we perform multiple replica
atomistic molecular dynamics (MD) simulations of FUS-LC in the
presence of membrane-water and air-water interfaces to under-
stand how these surfaces modulate the stability of the fibrillar
assembly of the peptides. We extract a 3 fibrillar assembly of FUS-
LC comprising residues 112-130 from the U-shaped hairpin struc-
ture, which dissociates into a collapsed state in a computationally
tractable time-window. In the presence of membrane composed
of anionic lipids, FUS-LC maintains its hydrogen bonded assembly
whereas a membrane composed of zwitterionic lipids is unable to
maintain the structural integrity of the  strands. The air-water
interface also leads to enhanced stability of FUS-LC compared to
the bulk solution. To better understand the effect of interface,
we apply an external static electric field in bulk solution to mimic
the interface-like water alignment and compare the stability of
the peptide assembly in the absence and presence of the elec-
tric field. Additionally, we calculate the potentials of mean force
(PMFs) for the association of simple molecular/ionic systems near
different surfaces to illustrate the effect of an interface on the
free-energy profile. Overall, our simulations provide evidence for
the strengthening of hydrogen bonded networks in peptide as-
sembly due to the distinct interfacial solvent distributions at the
membrane/air-water interfaces.
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2 Methods

2.1 Atomistic molecular dynamics simulations in bulk solu-
tion and in the presence of membrane

We start with the cryo-EM structure of the U-shaped B hairpin
aggregate of FUS-LC (PDB code: 6XFM)2? formed by residues
112-150 and consider four of its fragment copies (Fig{lA) for
simulation. To prepare a planar f fibril aggregate (as shown in
Fig{1IC-E) with a shorter segment of the peptide, we consider only
the first 19 residues in each of the peptides and replicate the coor-
dinates to establish an eight-fragment assembly. We perform all-
atom MD simulations using GROMACS version 2020.63249 and
the CHARMM36m force field4l with the TIP3P explicit solvent
model. The systems are prepared using CHARMM-GUI4244, The
B hairpin aggregate is placed at the center of a ~ 10 x 10 x 10 nm?3
box. For the periodic arrangement of 3 fibril (as shown in Fig{I[C),
we maintain the box size as ~ 6 x 3 x 16 nm?; the ¥ dimension is
shrank to the dimension of the fibril so that the peptides at the
edge form hydrogen bonds with their periodic images. We em-
ploy semiisotropic pressure coupling here. In another simulation
setup, the periodic continuity of the fibril is disrupted by consid-
ering a cubic box of size ~ 8.7 x 8.7 x 8.7 nm? as shown in Fig
and isotropic pressure coupling is applied.

We neutralize the systems and maintain the physiological (0.15
M) salt concentration by adding Nat and Cl- ions. The Particle
Mesh Ewald4> (PME) method is used to compute the electrostatic
interactions and a switching function is used to reduce the van der
Waals force smoothly to zero between 1.0 and 1.2 nm. The sol-
vated system is first energy-minimized using the conjugate gradi-
ent approach. Afterwards, a brief NVT equilibration is conducted
in which the protein atoms are first subjected to a harmonic re-
straint and then progressively relaxed. This NVT-equilibrated sys-
tem is then subjected to NpT production run for 1us at the atmo-
spheric pressure and 303 K temperature, during which no atoms
are restrained. The temperature of the system during equilibra-
tion is controlled by the Nosé-Hoover thermostat4047 with a time
constant of 1 ps. The Parrinello-Rahman barostat4® with a time
constant of 5 ps is employed during the production run to main-
tain the pressure of the system to 1 bar. The LINCS algorithm“?
is used to constrain covalent bonds involving hydrogen atoms to
enable an integration time step of 2 fs.

To assess the impact of lipid membrane on the structure and
dynamics of the FUS-LC fibril, three types of lipid membranes
are explored, which are composed of 1,2-Dioleoyl-sn-glycero-
3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS) or dioleoylphosphatidylglycerol (DOPG). Each
simulation system has an area of ~ 10 x 10 nm? and contains
~ 280 lipids. We explore five starting orientations of the fibril
(Fig-S1) with respect to the membrane surface and the Z dimen-
sion of the simulation box varies accordingly between 10— 14 nm.
In each case, we run 1 ps NPT production run after a short NVT
equilibration as described in the previous case.



2.2 Atomistic molecular dynamics simulations in the pres-
ence of the air-water interface

To prepare a system containing the air-water interface, we start
with a previously equilibrated bulk solvent box of size ~ 8.7 x
8.7 x 8.7 nm> and increase the size of the Z dimension to 18 nm.
Under PBC condition this set up creates a vacuum layer of ~ 10
nm along the Z axis (Fig{3]A). We place the peptides at the air-
water interface and perform 1 ps NVT production runs with dif-
ferent conditions. First, no positional restraint is applied to the
peptide or water molecules (bulk-2 in Fig{3). Next, we apply
a flat bottom positional restraint on the backbone atoms of the
peptides (bulk-3 in Fig S5-S7) such that movement of the peptide
atoms are restricted within a layer of 3 nm thickness along the
Z dimension with a force constant of 3000 kJ/mol /nm?. Without
any restraints on the water molecules, they readily wrap around
the peptides, creating a bulk-like environment. To maintain a sol-
vation environment of the peptide characteristic of the air-water
interface, we apply restraints on the water molecules (Fig{3) to
prevent them from fully solvating the peptides. The restraints are
flat bottom in nature with the following functional form:

1 1 1
Vfb = 5 X kfb X (|Zi _Zcem‘er| - 5 X Zlength)z X H(|Zi _Zcem‘er‘ - 5 X Zlength)

M
where kg, is taken to be 3000 kJ/mol / nm?, z; is the Z coordinate
of the ith water oxygen, Zeener is the Z coordinate of the center
of the solvent slab, z,, is the thickness of the solvent slab and
H is the Heaviside step function. Water molecule inside the sol-
vent slab (|z; — zcenter| < % X Ziengin) are free from any restraining
potential and can readily form hydrogen bonds with other water
molecules and available peptide residues. Considering the large
value of zjop, (7.6 nm), the impact of the restraining potential on
water molecules near the peptide is expected to be minimal. Ad-
ditional simulations (interface 1-3) with different water restraints
are also explored and included in the Supporting Information as
additional controls (Fig-S8-S10).

2.3 Bulk simulation in the presence of an external electric
field

To assess the impact of aligned water molecules and enhanced lo-
cal electric field on the stability of the fibril, we perform MD sim-
ulations in the absence and presence of an external static electric
field with the field strength of 0.02, 0.06 and 0.1 V /nm, respec-
tively. The fibril is kept in a ~ 8.7 x 8.7 x 8.7 nm?® solvent box
where orientation of each of the peptides is along the Z dimen-
sion. We apply the static electric field along the Z dimension and
perform production run for 1 us. In the presence of the 0.1 V /nm
static electric field, we also investigate the effect of harmonic po-
sitional restraint on the amino terminal nitrogen atom in each
peptide fragment to mimic the role of membrane binding. We
apply a harmonic positional restraint of 5000 kJ/mol/nm? only
along the Z dimension (posres;) without any restraint along the
XY dimension.

2.4 Assessment of the structural integrity of FUS-LC fibril

We investigate the stability of the B-fibril assembly of FUS-LC us-
ing three different measures, which are the fraction of native con-
tacts, dipole moment of the fibril and the number of inter 3 strand
hydrogen bonds. The fraction of native contacts>? is defined as

follows ! !
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where Fy(¢) is the fraction of native contacts at time 7, S is the set
of protein backbone atoms, 7; ;(t) is the distance between atom
i and j at time 1, 1) ; is the distance between atom i and j at
time r = 0. A and 8 are constants and take the values of 1.8 and
50 nm~ !, respectively. We compute Fy as a function of time (¢)
and also the distribution of Fy(¢) for the 0.6-1.0 us time window
of all the protein-membrane trajectories. The dipole moment is
computed using the gmx dipoles utility. The numbers of hydrogen
bonds are computed using MDAnalysis®L. VMD®2 version 1.9.4
is used for visualization.

2.5 Metadynamics simulations

To probe the effect of a surface on intermolecular interactions
between solutes, we calculate the PMF of an ion pair (Na™ —
CI7) and a pair of simple dipolar hydrogen bond (HB) form-
ing molecules (formamide), by employing well-tempered meta-
dynamics®>2. We construct three different 5nm x 5nm surfaces for
this purpose. The surfaces have three layers as shown in Fig-
[BC. (a) Surf-1: Negatively charged lower surface (shown in grey)
where each bead possesses ¢ = —0.0346. The two upper surfaces
(shown in blue) are positively charged with each bead possessing
g = +0.0173, to maintain the charge neutrality without counte-
rions. (b) Surf-2: Uncharged surface where every bead is indi-
vidually neutral. (c) Surf-3: The three layers are decorated with
alternating positive and negative charges. The charges are chosen
based on the surface charge density of the lipid membranes. The
surfaces are fixed along the XY plane, and the ions are fixed at a
vertical distance of 4 = 0.5nm from the upper surface. For the ion
pair PMFs, we compared the charge scaling strategy (by a factor
of 0.75)24 with the unscaled charmm36m parameters. All the ion
pair PMFs are discussed in Fig-SI17.

For the formamide molecules, the vertical distances of the
heavy atoms (i.e., C, N, and O) are fixed at 4 = 0.4nm. However,
they are free to move along the X and Y directions. We choose the
center of mass distance (r) as the collective variable. The height
and width of the Gaussian deposits are 0.5 kJ/mol and 0.01 nm,
respectively. The hills are deposited with a frequency of 1.2 ps.
A metadynamics bias-factor of 5.0 is used at T=303.15 K. The
metadynamics simulations are run for over 200 ns to ensure con-
vergence. The other parameters are the same as detailed in the
atomistic MD simulation subsection.
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3 Results

3.1 Stability of the fibrillar assembly of FUS-LC depends on
the length of the peptide and the network of hydrogen
bonds between fragments

The FUS-LC domain (residues 1-214) contains primarily polar
residues (Q, S, Y, G, T) and P without any large hydropho-
bic residues such as I, L, V or F, and remains disorderd in the
monomeric state.22 However, it forms amyloid like aggregates
at 50 uM concentration where only a specific segment of 57 N-
terminal residues (39-95) participates and produces an S shaped
topology.28 The rest of the residues remain disordered and create
a fuzzy coat around the fibril. In the absence of the N-terminal
half, residues 112-150 form a U shaped assembly of f hairpin
(FUS-LC-C). Using atomistic MD simulations, it was shown that
the FUS-LC-C fibril comprising 10 fragment copies remained in-
tact over 500 ns of simulation and was stabilized by a diverse set
of hydrogen bonded networks.22 To examine the surface induced
stability of FUS-LC, we choose a starting configuration that loses
its structural assembly in a computationally tractable time frame
(~ 1 ps). The peptide assembly of FUS-LC-C serves as a good
starting point for this purpose as we can systematically modulate
its stability by decreasing the number of monomers or peptide
length.

First, we prepare a construct that contains only 4 monomers
and perform simulations in bulk solution. We find that the as-
sembly remains intact on the us timescale (Fig{IA\) where the
Co — Co contact map (Fig) reveals a stable network of inter-
B-strands hydrogen bonds. Since each of the monomers remains
in a B-hairpin, additional intra-f-strand contacts appear in the
directions perpendicular to that of inter-f-strands contacts. We
then truncate the length of the peptide by considering only the 19
residues from the N-terminus (residue: 112-130) and construct a
8-fragment structure by coordinate replication so that the total
number of contacts remains similar to that in the previous case
(Fig{1]A). We adjust the solvent box size in such a way that the
peptide assembly remains periodic along the Y-direction. Under
this continuous arrangement, the peptide assembly again shows
stability over the us timescale as evident from the contact map
(Fig—D) and the time evolution of the fraction of native con-
tacts (Fig{LF). However, once we add solvent padding around the
fibril to break the periodicity along ¥ (Fig{1[E), we observe a rapid
decay in the number of contacts within 500ns (Fig). Subse-
quently, the ordered assembly of 3-strands collapses into a disor-
dered state that only maintains 30% of its native backbone con-
tacts (Fig{1JF); the presence of one hydrophobic residue (PRO) per
peptide prevents the fibril from disassembling completely (Fig-
S4). Thus, we identify that competition in hydrogen bonding by
the solvent molecules around the discontinuous B-fibril model is
the primary reason for its reduced stability, and that it serves as a
good starting construct to study how membrane/air-water inter-
faces impact on its stability.
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3.2 Anionic membrane stabilizes the S-fibril assembly of
FUS-LC

We carry out MD simulations of the truncated 8-fragment f-fibril
assembly (residue 112-130) of FUS-LC (as shown in Fig) in
the presence of membranes composed of either fully zwitteri-
onic(DOPC) or anionic(DOPG/DOPS) lipids. We explore in total
5 initial orientations of the fibril with respect to the membrane
plane (Fig and S1). With anionic lipids (DOPG/DOPS), the
peptide assembly remains ordered, maintaining the fraction of
native backbone contacts > 0.6 (Fig) over the time course of
the simulation. By contrast, a membrane composed of zwitteri-
onic lipids (DOPC) does not stabilize the B-fibril. In this case,
decay of the fraction of native contacts follows a similar trend
as that observed in bulk solution (Fig{2B). By analyzing the rup-
ture events strand-by-strand, we reveal a stochastic disassembly
mechanism (Fig-S7) in which the separation initiates at either ter-
minal (blue) or core (red) pairs of peptide monomers in different
trajectories.

The total dipole moment of the peptides serves as an alternate
marker for the structural integrity and follows the same trend as
the fraction of native contacts (Fig). The total dipole moment
of the fibril decays by a small amount (~ 2000 D to ~ 1600 D) in
the presence of anionic membranes whereas it decreases signif-
icantly (~ 2000 D to ~ 500 D) in the presence of a zwitterionic
membrane and in bulk solution. We also compute the distribu-
tions of the fraction of native contacts and the dipole moment
from the 0.6 — 1us segments of all trajectories (as shown in Fig-
[2K). The results further demonstrate the statistical significance of
our observation that anionic membranes significantly enhance the
stability of the FUS-LC fibril while a zwitterionic membrane fails
to do so (Fig—E). Although the distributions of the fraction
of native contacts in the presence of three membranes overlap
with each other, their peak positions are distinct. In the presence
of DOPC membrane, FUS-LC exhibits 0.35 as the most probable
fraction of native contacts, as compared to the values of 0.48 and
0.67 for DOPG and DOPS membranes, respectively. In the case
of dipole moment distribution, anionic membranes maintain high
values (13204179 D for DOPG and 1324 + 167 D for DOPS) com-
pared to the case of a zwitterionic membrane (7124276 D for
DOPC). Further, we quantify the stability of FUS-LC by comput-
ing the number of inter B strand hydrogen bonds in the presence
of the three membranes (Fig-S11). We observe the highest num-
ber of backbone hydrogen bonds (Fig-S11 A) in the presence of
DOPS (31 +6), followed by DOPG (29 £ 6) and DOPC (19+7).

In all the trajectories, the fibril attaches to the anionic mem-
brane through its positively charged amino terminus (representa-
tive snapshot after 1us simulation are shown in Fig{2F-H; addi-
tional snapshots are shown in Fig-S2). However, in the case of
a zwitterionic membrane, FUS-LC does not exhibit any specific
membrane anchoring residues (snapshot after 1us simulation is
shown in Fig{2H). Mass density profiles of phosphate planes of
the membrane and TYR3 and TYR20 of the fibril also indicate an
ordered vertical orientation of the fibril in the presence of anionic
membranes but not in the presence of a zwitterionic membrane
(Fig-S3). Although the magnitude of the fibril’s dipole moment
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Fig. 1 Stability of the self-assembled FUS-LC aggregate in bulk solution. (A) Experimentally (PDB code: 6XFM) derived U bend topology of FUS-LC
exhibited by residues 112-150. The four fragment copies of B hairpin structures remain stable on the us timescale during MD simulations. (B)
Trajectory averaged contact map (10 A cutoff) of the structure shown in A considering only Cot atoms. (C) The B hairpin aggregate is converted into
a planar 8 fragment B fibril structure (residue 112-130) where size of the solvent box (blue box) is adjusted to maintain the continuity of the fibril
with its periodic images along the Y direction. Periodic images of the fibril along +Y and —Y directions are also shown. Amino acid sequence of the
each peptide is shown at the top where hydrophilic residues are coloured in green and hydrophobic residues are coloured in black. (D) Contact map
of the structure shown in B considering only Ca atoms. (E) Extra solvent padding is added to make the 8-fragment fibril periodically discontinuous.
(F) Time evolution of the fraction of native contacts of the structure shown in A, C, and E indicates a significant loss of stability in the case of E
compared to A and C. (G) Structure of the discontinuous fibril after 1 us of MD simulation.

is dependent on the nature of the interacting membrane, its di-
rection remains similar in all cases and points towards the core
of the membrane (arrows in Fig—H). In short, the fraction of
native contacts, dipole moment, and hydrogen bond analysis con-
sistently support the distinct structural features of FUS-LC on an-
ionic vs. zwitterionic lipid membranes. To understand the molec-
ular origin of such dependence, we examine the key characteris-
tics that distinguish the water interfaces of the three membranes.

We compute the 2D joint probability distributions of cos 6 and
Z position of water molecules for the three types of membrane
simulations (Fig-S5) where 0 represents the angle between the
dipole moment vector of each water molecule and the Z axis (i.e.,
the membrane normal). We confirm a local alignment of wa-
ter molecules at the anionic membrane surface as evident from
the high probability density of cos & = +1 near the DOPS/DOPG-
water interface (Z = +2.5 —3nm). On the other hand, DOPC
shows a uniform probability distribution of cos 6 at the interface.
The distinct water orientation at the anionic membrane water
interface reflects the local electric field that may serve as a key
factor to orient and stabilize the B-fibril assembly of FUS-LC, a
hypothesis that we explore below. To explain the enhanced sta-

bilization of the fibril in the presence of DOPS membrane com-
pared to DOPG, we monitor the polarization fluctuation profile
of the water molecules near the surface. The fluctuation of the
parallel component of the water dipole is significantly lower at
the DOPS/water interface as compared to DOPG/DOPC (Fig{2]D.
This distinct polarization profile of the DOPS membrane, which
is correlated to the effective dielectric screening in the direction
parallel to the interface, may play a role in stabilizing the fibril to
a higher extent than DOPG (see Discussion).

3.3 Stability of the B-fibril assembly of FUS-LC at the air-
water interface

To investigate whether the air water interface can stabilize the
hydrogen bonded network of the S-fibril assembly of FUS-LC,
we place the fibril at the air-water interface (Fig) and em-
ploy flat bottom positional restraints on the peptide and water
molecules to keep the peptides at the interface (interface-4). The
fibril maintains its stability (Fig{3B) as evident from the high frac-
tion of native contacts (0.68 - 0.87, see Fig) and the dipole mo-
ment (Fig{3D). Without any positional restraint on the peptides
or water molecules (bulk-2 in Fig S5-S7), the fibril quickly in-
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Fig. 2 Anionic membrane enhances the stability of the FUS-LC fibril. (A) Initial orientation of the FUS-LC fibril with respect to the membrane in one
of the MD trajectories (see Fig-S1 for all the initial conformations). Proline is the only hydrophobic residue present in this sequence of FUS-LC and
is highlighted in black. The red spheres indicate the C-terminal oxygen atoms (OT1) in each fragment. (B) Representative time evolution trace of
the fraction of native contacts of FUS-LC in the presence of DOPS, DOPG, DOPC membranes and in the absence of any membrane. (C) Evolution
of the dipole moment magnitude of the FUS-LC fibril in the same trajectories as shown in B. (D-E) Distribution of the fraction of native contacts
and magnitude of the dipole moment obtained from 0.6-1.0 us segments of all the five trajectories. Snapshots of FUS-LC fibril on (F) DOPS (G)
DOPG and (H) DOPC membranes after 1.0us of MD simulation for the trajectory shown in A-C. (1) Grid-wise dipole moment fluctuations of water
molecules parallel to the membrane (perpendicular components in Fig-S6) computed for different layers along the Z axis (membrane normal) for the
three membrane cases. A diminished second peak near |Z| ~ 2.5 nm distinguishes DOPS from DOPG and DOPC, indicating the dissimilarity in the

dielectric profile near PS vs. PG membrane surfaces.

serts into the bulk water layer as the 19-residue peptide segment
mostly contains hydrophilic residues except one proline, which
is not sufficient to keep the fibril at the interface. As a result,
the fibril experiences a bulk-like environment, leading to a rapid
dissociation of the peptide assembly as observed in regular bulk
(bulk-1) simulations (Fig{3C-D). In fact, applying a flat bottom
positional restraint to the peptides alone is also not sufficient, as
water molecules freely wrap around the peptides to create a bulk
like environment (bulk-3 in Fig S5-S7), leading to the disassem-
bly of the B-fibril.

To understand the origin of enhanced stability of the fibril at
the air-water interface, we note that water molecules are known
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to exhibit dangling O-H bonds that do not participate in hydro-
gen bonding with other water molecules at the interface. 56157/
other words, interfacial water molecules exhibit preferential ori-
entations, as reflected by the non-zero average cos6 values at the
interface (Fig{3[E), where 6 is the angle between the water dipole
and the interface normal; (cos 8) reaches up to 0.1 on the peptide-
containing interface and 0.06 on the peptide-free interface. We
further quantify the interfacial water structure by computing the
distribution of cos 6y where 0y is the angle between the O-H bond
vector with respect to the Z axis. Due to the presence of dangling
O-H bonds at the air-water interface, the population of the two
O-H bond vectors can be resolved as separate peaks in the distri-



e bulk-1 == bulk-2 =——= air-water interface

A C 1 E
0-8 —_ 0-1
A 0.08
= 0.6 >
R 2 0.06
0.4
\‘; 0.04
02 — 0.02
0 0
0 0.5 1 0 10 20
D time(us) F Z (nm)
0.015
5 2000
g o 1500 = 0.01
S 2 2
g < 1000 =8
< © 0.005
S — 500 A
L
"~
_Q 0 0
0 0.5 1 -1 0 1
time(us) cosOy
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PBC boundary. Flat bottom positional restraints are applied on peptide and water molecules to keep the peptides at the interface. (C-D) The fraction
of native contacts of the FUS-LC fibril and its dipole moment magnitude vs. time for two bulk and one air-water interface simulations. FUS-LC at
the air-water interface exhibits high stability whereas the peptide assembly dissociates in all bulk simulations. (E) Absolute value of the average cos6
of water molecules at different Z positions (with a grid resolution of 5 A) of the simulation box for the interface trajectory. Standard error of {cos6)
is shown as error bar. 8 is the angle between the water dipole moment vector and the Z axis. Non-zero average cos6 values at the air-water interface
indicate local alignment of water, which is enhanced in the FUS-LC containing interface. Data from other air-water interface simulations are shown in
the SI. The air-water interface shown here is termed as interface-4 in Fig S4-S6. (F) Angular distribution of the O-H bond vectors of water molecules
at the peptide-containing interface. Here, Oy is the angle between an O-H bond vector and the Z axis. The two O-H bond vectors in each water
molecule can be resolved at the interface, leading to a bimodal distribution of cosy. By contrast, bulk water molecules (Fig. S10 | and M) produce

uniform distributions of cos6y.

bution of cos 6y (Fig). Such bimodal distribution of cos 6y be-
comes enhanced (Fig-S12 I-L vs. M-P) at the peptide containing
interface, further confirming that the peptides induce alignment
of the interfacial water layer. These results are qualitatively con-
sistent with observations from recent SFG experiments that FUS-
LC fibril induced local ordering of water molecules, as inferred
from the sign flip and blue peak shifts in Imy2.23 Such aligned
water molecules create a local electric field at the air-water in-
terface. In the next section, we investigate whether an external
static electric field in bulk water has any impact on the stability
of the B-fibril.

3.4 Effect of electric field on the stability of the -fibril as-
sembly of FUS-LC

Both anionic membrane-water and air-water interfaces exhibit
considerable local electric fields, the magnitude of which decays
from the interface to the bulk. Therefore, in this section, we aim

to determine whether we can recreate the impact of these inter-
faces on the stability of the FUS-LC fibril by applying an exter-
nal electric field in bulk water. Since a spatially heterogeneous
electric field is less straightforward to implement, we study the
impact of a spatially homogeneous electric field on the stability
of the fibril. In case of folded globular proteins like ubiquitin, a
weak electric field (0.1-0.5 V /nm) does not disrupt the structural
fold whereas a strong electric field of 1-2 V /nm leads to unfold-
ing.E‘ On the other hand, amyloid S fibril disintegrates within
100 ns in the presence of as low as 0.2 V /nm electric field 59 we
explore a weak electric field of 0-0.1 V/nm to study the impact
on the stability of the B-fibril assembly of FUS-LC. We supply the
electric field along the Z direction which is also the direction of
the dipole moment of the peptide assembly. As shown in Figl4A,
we do not observe any additional stability of the B-fibril in the
presence of an electric field in the bulk (Fig-S13 A-C). The frac-
tion of native contacts decays by 60% within 500 ns of simulation
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in all cases, somewhat slower compared to the case without any
electric field (Fig-S13 B).
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Fig. 4 Electric field induced stability of the FUS-LC fibril in bulk solution.
(A) Snapshots of the FUS-LC fibril in the presence of an external electric
field (0.1 V/nm) along the Z axis and in the presence of harmonic po-
sitional restraints (5000 kJ/mol/nm?) along the direction of the external
electric field. The simulation box is represented by a blue square. (B)
The fraction of native contacts with respect to the timescale of simula-
tion indicate that in the presence of external electric field and position
restraints along the direction of the field enhances the stability of the fib-
ril. For comparison, the fraction of native contacts in the absence of any
electric field or positional restraints is also shown (deep cyan). Apply-
ing harmonic positional restraints on the amino terminus of the peptides
does not lead to any enhanced structural stability in the absence of an
electric field (maroon).

We note that the anionic membranes provide an anchoring
platform for the peptides in addition to the local electric field
at the membrane-water interface. Peptides remain attached
to the membrane through their positively charged amino ter-
mini. To mimic this effect, we apply harmonic positional re-
straints in addition to the electric field such that movement of
the amino terminal atoms are restricted along the direction (Z-
axis) of the electric field. In the presence of such restraints
(posres; = 5000kJ /mol /nm? posresyy =0), 0.1 V /nm electric field
significantly improves the stability of the peptide assembly com-
pared to that in the absence of the electric field (Fig A-B). The
fraction of native contacts increases to 0.65 from the value of 0.32
observed in the case of field-free and restraint-free simulation
after 1us. As a control simulation, only applying positional re-
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straints along the Z-axis in the absence of any electric field (E =0
V/nm , Fig{dB) leads to a rapid decay of the fraction of native
contacts. Thus, both the electric field and positional restraints
along the electric field direction are essential to the enhancement
of structural integrity of the peptide assembly. Based on these ob-
servations, we expect a similar stabilizing effect in the presence of
a heterogeneous electric field, where the degree of peptide align-
ment varies depending on the magnitude of the local electric field.

3.5 Enhanced hydrogen-bonding and electrostatic interac-
tions near a surface

To understand the stabilizing effect of a surface from a free-
energetic perspective, we study the potential of mean forces
(PMFs) of simple systems near different surfaces and compare
them with the bulk. All the surfaces exhibit a thin layer of aligned
interfacial water network irrespective of the charge patterning
(Fig-S15).

As the B-sheets are stabilized by hydrogen bonds between pep-
tide backbones, we study a pair of formamide molecules that can
form multiple peptide-like hydrogen bonds (C=O --- H-N). The
PMF is calculated with respect to their center-of-mass distance by
keeping the non-hydrogen atoms (C, N, and O) in the same plane,
and at a distance of 0.4nm from the surface. In the absence of a
surface, the same constraints are used on the non-H atoms. In
Fig{5A, we plot the PMFs of the four systems. In the bulk, the
PMF profile shows a single shallow and broad basin that corre-
sponds to a singly hydrogen-bonded state (Fig{5[C). Interestingly,
near a surface, another basin at lower r (~ 0.33nm) appears that
corresponds to a doubly hydrogen bonded configuration (shown
in Figf5P), in addition to the broader basin around r ~ 0.45nm.
The convergence tests of the well-tempered metadynamics simu-
lations are provided in Fig-S18.

To evaluate the stability of ionic electrostatic interactions, we
calculate the PMFs for an ion pair in different environments (Fig-
S17). We find that the PMFs are weakly dependent on the nature
of the surface, and reveal a notable increase in the strength of
ion-pair interaction near the surface relative to the bulk. This
can be understood from the interfacial solvation profile where
irrespective of the charge patterning of the surface, the interfa-
cial water molecules align in a similar way unlike in the case of
membrane-water interface (Fig-S5 vs. S15). Furthermore, upon
scaling the ionic charges (by a factor of 0.75)2%, the trend re-
mains unchanged. However, both the free-energy barrier and the
binding free-energy decrease, as compared to the unscaled charge
model. The scaled charge model provides a better match with an
earlier ab initio PMF. 60

4 Discussion

In this study, we explicitly demonstrate that a planar B-fibril
assembly of FUS-LC composed of 8 monomers (with 19 amino
acid residues per monomer) undergoes spontaneous dissociation
in bulk water but gains significant stabilization in the presence
of anionic membrane surfaces and the air-water interface. The
arrangement of water molecules at these interfaces leads to a
uniquely solvated state that differs from the bulk solution. In sep-
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Fig. 5 Potentials of mean force (PMFs) of two formamide molecules with
respect to the center-of-mass distance (r), in the absence (bulk/water)
and presence of different surfaces (surf-1: negatively charged, surf-2: un-
charged, and surf-3: mixed/alternating positive and negative charges).
The surface contains three layers to balance the surface charge distribu-
tion without adding counterions. (A) PMFs of a pair of formamide in the
bulk (dashed line) and in the presence of three different surfaces. A min-
imum at r ~ 0.33 nm (absent in bulk) is observed when the molecules
are close to an interface. In all four systems, the second minimum
(r~0.45 nm) is present. (B) A doubly hydrogen-bonded configuration of
two formamides corresponds to the first minimum at r ~ 0.33 nm. (C) A
singly hydrogen-bonded configuration of two formamide molecules that
corresponds to the second minimum at r ~ 0.45 nm.

arate simulations, we show that an external static electric field
can alter the bulk solvation in the absence of any surface in a
similar way and enhances the stability of the fibrillar assembly
when the peptides are anchored. Further, we show the enhanced
stabilization of an ion-pair and a pair of formamide molecules in-
duced by static surfaces of various degrees of charge decoration
and hydrophobicity. Taken together, our study supports a molec-
ular mechanism of surface induced stabilization of a peptide as-
sembly where interfacial solvation enhances the strength of the
hydrogen bonded network among the peptides. The model cap-
tures the fundamental differences in intermolecular interactions
due to the presence of surfaces of different kinds. The structural
integrity in the model fibrillar segment studied here is expected
to be different from that of the full length FUS-LC domain inves-
tigated in experiments. However, to extract insights in atomistic
details, we begin with a smaller subset of peptide fragments and
focus on the hydrogen bonding interactions to evaluate the im-
pact of different interfaces, ranging from membrane (anionic vs.
zwitterionic) to the air-water interface. This can be used as a
starting point to comprehend how various surface chemistry can
control the biomolecular association/dissociation.

The local alignment of the interfacial water layer at the anionic
membrane- and air-water interfaces is a well characterized phe-
nomenon using, for example, SFG spectroscopy. However, it is
not clear how such aligned water structure contributes to the sta-
bilization of certain intermolecular interactions that facilitates the
formation of droplets/aggregates of IDPs. We provide insight in
this regard by illustrating a prominent impact of interface on the
association free energy profiles of ion-pair and hydrogen bond-
ing interactions. The PMFs we computed for two simple systems
near the surface and in the bulk reveal that surfaces can enhance
the stability of ionic electrostatic interactions and hydrogen bonds
between two dipolar molecules. The unique alignment of water
dipoles at the interface is responsible for the general stabilizing
effect observed here. Additionally, the incomplete solvation shell
structure around an ion/dipole near an interface reduces its solva-
tion enthalpy that serves as a driving force of ion-pair (or dipoles)
association. In this context, Garde and co-workers showed that
the binding energy of an ion-pair increases significantly as one
moves from bulk to the air-water interface and eventually to vac-
uum.38

In particular, our findings shed light on two recent experimen-
tal results.2023/ It was shown that anionic membranes composed
of either DOPG or DOPS lipid molecules significantly reduced the
concentration threshold required for the condensation of FUS-
LC while no reduction was observed in the case of a zwitteri-
onic (DOPC) membrane. This is qualitatively consistent with our
observation that the stability of the fibril is enhanced at the an-
ionic membrane surface compared to the zwitterionic membrane
(Fig. Using vibrational Sum Frequency Generation (SFG) spec-
troscopy, it was further demonstrated that DOPS induced local
ordering of the FUS-LC leading to f sheet like structures while
DOPG does not produce any such structural ordering despite also
catalyzing the condensation. This is also in line with our simula-
tion result where we capture a higher fraction of native contacts
and a higher number of inter-peptide hydrogen bonds in the pres-
ence of DOPS compared to DOPG (Fig and S9 A). We show
that DOPS, compared to DOPG, exhibits diminished fluctuation
of the parallel component of water dipole near the surface (Fig-
[2D. The fluctuations of the water dipole characterize the degree
of dielectric screeningw, thus the observation suggests that
screening of electrostatic interactions parallel to the membrane
surface is lower near the DOPS surface than DOPG, which might
explain the more stable fibril 3-assembly at the DOPS surface.

Our simulations reveal that FUS-LC attaches to the membrane
with its positively charged amino terminus primarily driven by
electrostatic interactions. This mode of attachment is different
from that of typical curvature generating proteins which employ
hydrophobic residues to insert into the membrane.4 Since FUS-
LC does not carry any large hydrophobic amino acids we ex-
pect that the electrostatics driven attachment with the membrane
through the positively charged amino terminus prevails even in
cases of longer segments (e.g., the 1-163 segment as used in the
experiment). Therefore, negatively charged membrane surfaces
provide anchoring points for proteins and exhibit altered interfa-
cial solvation to induce assembly of the proteins near the surface.
This initial protein assembly on the surface of the anionic mem-
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brane can serve as nucleation template for further growth of the
condensate.

The air-water interface is an interesting model hydrophobic-
hydrophilic interface that can stimulate aggregation of FUS-LC
leading to solid fibril like aggregate.%3 Although the reason for
the accumulation of FUS-LC at the air-water interface is not well
understood, it was hypothesized that the interface induced par-
titioning of hydrophobic/hydrophilic residues of FUS-LC. As a
consequence of partitioning, hydrophilic residues promote local
alignment of interfacial water molecules as was demonstrated us-
ing SFG spectra. Since the 19 residue fragment of FUS-LC con-
sidered here contains only one hydrophobic residue, we do not
observe any spontaneous partitioning of the fibril at the air-water
interface. However, once we keep the fibril at the air-water inter-
face by restricting the displacements of water and protein atoms,
we capture enhanced stability of the fibril compared to that in the
bulk water (Fig).

Regarding the physical factors that are essential to the stabiliza-
tion effect, stability of alpha helix has been shown to be sensitive
to the activity of nearby water, which is in turn modulated by the
nature of the nearby surface.©2'%%/ On the other hand, desolvation
of the hydrophobic residues and the reduction of the total air-
water contact area were identified as the key determining factors
for the stability gain of an amphipathic 3-hairpin forming peptide
at the air-water interface.®” It was also demonstrated that the
electrostatic interaction between an ion pair can be significantly
altered at the liquid-vapor interface compared to that in the bulk
solution. 8 While partial desolvation likely contributes to the en-
hanced stability of FUS-LC B-fibril at the air-water interface, we
note that the structure becomes significantly distorted in a vac-
uum simulation (Fig-S16). Our findings indicate that the partial
solvation of the fibril at the air-water interface is not sufficient
to break the inter 8 strand hydrogen bonds but the hydrophilic
sidechains of the amino acid residues can form hydrogen bonds
with the available water molecules. As a result, the interfacial wa-
ter layer that includes the fibril shows a higher extent of ordering
than the other interface (Fig{3E, Fig-S9 and Fig-S12 I-L vs. M-P).
Therefore, the restricted exposure of the FUS-LC fibril towards
water at the air-water interface facilitates the formation of hydro-
gen bonds between peptide residues and water molecules in such
a way that the fibril does not collapse as observed in vacuum and
bulk solutions.

Interfaces are known to exhibit local electric fields whose mag-
nitude can vary depending upon the nature of the interface.
Membranes composed of cationic lipids have been shown to ex-
hibit strong electric field at the membrane-water interface.*> In
the case of a water-organic surfactant interface, the magnitude of
electric field can be 1 V /nm.3Z To understand the interface driven
condensation/aggregation, it is thus important to understand the
effect of an external electric field on the conformations and dy-
namics of LLPS forming IDPs. In the case of amyloid 5, 0.2 V /nm
electric field induced the formation of B hairpin conformation,
which is believed to be an important intermediate state during ag-
gregation.®8 Further, amyloid B oligomer comprising residue 16-
42 was found to be resilient to 0.5 V /nm electric field for at least
50 ns.%2 We study the stability of FUS-LC fibril on the us timescale
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and find that the application of an electric field alone does not
yield additional stabilization (Fig). Although the presence of
an external electric field alters the water structure (Fig-S14 C),
it induces a shear stress along the direction of the applied field,
leading to a rupture of the fibril. When positional restraints on the
amino terminus of the peptide are applied to mimic peptide bind-
ing to an anionic membrane, the external electric field is observed
to enhance the stability of FUS-LC (Fig and Fig-S14 A-B) by
aligning the peptides in the same direction. Therefore, the impact
of an electric field on peptide assembly is context dependent.

5 Conclusion

Different interfaces have been shown in recent experiments to
have a major impact on the processes of protein LLPS and ag-
gregation. However, a unifying molecular mechanism that ex-
plains the effects due to surfaces of different levels of hydropho-
bicity and charge patterning has not been established. Using a
model fragment of the FUS-LC B-fibril (residues 112-130), our
study highlights the role of interfacial solvation at the membrane-
water and air-water interfaces in enhancing the stability of pep-
tide assemblies. The different effects for DOPS and DOPG ob-
served in both experiments? and our simulations underscore the
importance of specific chemical interactions beyond generic elec-
trostatics to the interfacial solvation and therefore processes that
occur at those interfaces. The liquid droplet state formed by FUS-
LC in bulk solution involves a complex network of interactions
including hydrogen bonding, 7 — sp?, and hydrophobic interac-
tions.2® On the other hand, = — x stacking among the aromatic
(Y) residues have been shown to stabilize the fibrillar structure
of FUS-LC.7% The planar B —fibril assembly of FUS-LC considered
here serves as a starting point to study the impact of interfacial
solvation on the hydrogen bonding interactions among the pep-
tide strands. The phenomena of LLPS, hydrogel formation, and
aggregation of FUS-LC are intricate processes that are interre-
lated and involve longer segments of residues with diverse forms
of interactions. To understand such complicated processes it is
imperative to employ efficient multiscale models that encompass
essential physical and chemical interactions. The results of our
research help highlight several physical factors that contribute
to the effect of the interface on the condensation/aggregation of
proteins rich in polar amino acids, while additional mechanisms
are likely to contribute in the case of full length FUS-LC.

6 Data availability

Data for this article, including simulation trajectories, topolo-
gies, and analysis scripts are available at Zenodo in two
parts.  Part-1: https://doi.org/10.1101/2024.01.15.575617
and URL - https://zenodo.org/records/11974024. Part-
2:  https://doi.org/10.5281/zen0do0.11935101 and URL -
https://zenodo.org/records/11935101. The data supporting this
article have also been included as part of the Supplementary In-
formation.
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