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Abstract

Intrinsically disordered peptides (IDPs) have been found to undergo liquid-liquid phase
separation (LLPS) and produce complex coacervates that play numerous regulatory
roles in the cell. Recent experimental studies have discovered that LLPS at or near
the membrane surface helps in the biomolecular organization during signaling events
and can significantly alter the membrane morphology. However, the molecular mech-
anism and microscopic details of such processes still remain unclear. Here we study
the effect of polyampholyte and polyelectrolyte condensation on two different anionic
membranes, as they represent a majority of naturally occurring IDPs. The polyam-
pholytes are fifty-residue polymers, made of glutamate(E) and lysine(K) with different
charge patterns. The polyelectrolytes are separate chains of Eos and Kos. We first
calibrate the MARTINI v3.0 forcefield and then perform long-timescale coarse-grained
molecular dynamics simulations. We find that condensates formed by all the polyam-
pholytes get adsorbed on the membrane. However, the strong polyampholytes (i.e.,
blocky sequences) can remodel the membranes more prominently than the weaker ones
(i.e., scrambled sequences). Condensates formed by the blocky sequences induce a sig-
nificant negative curvature (~ 0.1 nm™!) and local demixing of lipids, whereas those
by the scrambled sequences tend to wet the membrane to a greater extent without
generating significant curvature or demixing. We perform several microscopic analyses
to characterize the nature of the interaction between membranes and these conden-
sates. Our analyses of interaction energetics reveal that membrane remodeling and/or
wetting are favored by enhanced interactions between polyampholytes with lipids and

the counterions.



Introduction

Liquid-liquid phase separation (LLPS) is a phenomenon that has been widely studied in
recent years due to its importance in various biological processes.'™ Intrinsically disordered
proteins (IDPs) and nucleic acids have emerged as key regulators of LLPS in biological
systems, due to the presence of multivalent interactions.®? " LLPS is related to intracellular
compartmentalization through the formation of membraneless organelles (e.g., nucleoli, P-
bodies, stress granules, Cajal bodies, etc.) that support various cellular functions including
stress response, protein degradation, signal transduction, and therefore also implicated in
diseases.® 10 In the last decade, there has been a growing interest in understanding the
formation, structure, and dynamics of such macromolecular condensates in the bulk phase,
both theoretically and experimentally.1*1?

Recent studies have suggested that LLPS at the lipid membrane is biologically impor-
tant. 162 It was also observed that LLPS at the membrane surface can induce significant
curvatures, local demixing, lipid ordering, vesicle biogenesis, and tubulation.?'? Therefore,
LLPS near the membrane surface can serve as a novel mechanism for membrane remodeling
in cells, in addition to the much discussed mechanisms such as hydrophobic insertion, scaf-

30-32 Despite the importance and interest in general,

folding, protein crowding, and coating.
only a few theoretical investigations have been directed toward understanding the mechanism
of LLPS-induced large-scale structural transformations of a lipid bilayer or vesicle, from a
molecular perspective.

It has been shown that the single-chain properties of an IDP are well correlated with the
phase behavior.?33® The conformational ensemble of IDPs can be altered by the presence of a
membrane. Hence, this could be manifested in the phase behavior of the condensates formed
by these IDPs. For example, it has been recently observed that non-specific interactions be-
tween fused in sarcoma low-complexity domain (FUS-LCD) and lipids can strongly modulate

IDP condensation and single-chain behavior. 3 Phosphatidylserine membranes prefer S-sheet

structures of FUS, whereas phosphatidylglycerol membranes promote unstructured conden-



sates. In such instances, the membrane might cause changes in the IDP phase behavior that
are difficult to predict based solely on the increased local protein concentration caused by
membrane adsorption. !¢ Specific interactions between membrane and proteins help control
the location and timing of LLPS for specific cellular functions (e.g., signaling).?® On the
other hand, LLPS helps concentrate specific protein components for regulating the efficiency
and sensitivity of signaling events.!'%2° Moreover, phase behaviors of the peripheral proteins
and the lipid membrane can be coupled.*!#? In a lattice model-based study, it was found that
membranes close to the critical point can promote protein phase separation on its surface,
even in conditions where LLPS is not feasible in the bulk.#? Nevertheless, using a similar
approach, we recently further demonstrated that the critical behavior of the membrane is
not required to promote the pre-wetting transition.** To rationalize the experimentally ob-
served membrane bending and tubulation following the adsorption of an IDP condensate, 2227
continuum mechanics-based models were used. However, it is difficult to comprehend the
molecular details of the underlying driving force using such models alone.

Here, the systems of interest are condensates formed by polyelectrolytes and polyam-
pholytes in the presence of model anionic lipid bilayers. Our interest in such systems is
driven by the observation that many naturally occurring IDPs contain long stretches as
well as scrambled sequences of charged amino acids. Approximately 75% natural IDPs are
polyampholytes as demonstrated by a BLAST search of the UniProtKB database.?® The
polyelectrolytes and polyampholytes can readily undergo LLPS, even in low concentrations,
often referred to as coacervation.?% 5 These coacervates find a wide range of applicability
that comprise of coatings, adhesives, food preservation, rheology controllers, tissue engineer-
ing, agriculture, and biomedicine. 4651769 Coacervates are also used to build synthetic analogs
of living cells (protocells) owing to their crowded interior, unique core-shell property, and
molecular sequestration capability.®%? Given its wide range of uses, it is evident that these
charged IDPs are present in animal cells that can undergo LLPS and interact with the cell

membrane. There exist a number of studies on the phase behavior of polyampholytes and



polyelectrolytes in the bulk solution phase.!*5%6367 Recently, we unraveled the membrane
remodeling ability of polyelectrolytes (namely, F3, and K3g).?' We showed that polyelec-
trolytes coacervates can induce significant negative curvature and local lipid segregation in
anionic lipids. Another recent model simulation study used dissipative particle dynamics to
show that LLPS of disordered proteins with two domains can induce membrane bending and
lateral separation (i.e., demixing) of lipids.% However, the same for polyampholytes (and the
sensitivity towards its sequence), which seems to have more relevance to the natural IDPs,
has hitherto remained unexplored.

An extension of the celebrated Flory-Huggins (FH) formalism %™ for polyelectrolytes and
polyampholytes was achieved by Overbeek and Voorn.™ For a mixture of polycations and
polyanions of the same length (N) and equal (but opposite) charges, the mean-field free

energy per lattice site (F) is given by Eq. (1),

BF = (¢/N)in(¢/2) + (1 — ¢)In(1 — ¢) — a(o¢)*?, (1)

where ¢ is the total volume fraction of the polymers, the parameter « is determined by
charge per site, o is the linear charge density, and 8 = (kgT)~'. When 03N exceeds a
value of 0.5 (critical point), the polyelectrolyte solution phase separates into polymer-rich
and polymer-deficient regions that is known as complex coacervation. More recently, a com-
bination of the FH theory with a random phase approximation (RPA) was used to study
binodal and spinodal phase behaviors of neutral polyampholytes. ™ Nevertheless, minimalis-
tic mean-field models cannot capture sequence dependence or even multivalent interactions,
which are shown to be important factors in understanding LLPS of IDPs.% Hence, molecular
simulations and more sophisticated models are needed to investigate the molecular details
associated with complex coacervation.

To extract long timescale structural changes, the sampling of their vast conformational

ensemble becomes computationally expensive in atomic resolution. Hence, one often resorts



35,64,73-75

to either coarse-graining approaches or numerical solutions of field theory-based

equations. 1472

However, the development of CG models as well as their calibration against
experimental results (often unavailable) for IDPs become hard to achieve. Different levels of

coarse-grained (CG) approaches have been applied to study LLPS, for example, with mul-

76-78 35,75,79

tiple beads per residue, single-bead per residue, and even multiple-residues per
bead.®8! However, the transferability of these forcefields remains a critical issue. Lindorff-
Larsen and co-workers have shown that by increasing the attractive interaction (by ~ 10%)
between protein and water beads in MARTINI v3.0, one can improve the single-chain confor-
mational behavior of several natural IDPs.®? Hummer and co-workers observed good agree-
ment with experiments by re-balancing the protein-protein non-bonded interaction parame-
ters using MARTINI v2.2 for LLPS of FUS-LCD and a DNA-binding protein TDP-43.8%8

Specifically for EK-polyampholytes, Das and Pappu investigated the sequence-ensemble
relationship with implicit solvent atomistic simulations by using ABSINTH forcefield.*> They
showed that a segregated sequence (e.g., Ea5K3s5) is more prone to form hairpin-like conforma-
tions compared to a well-mixed sequence (e.g., (E'K)ss5). The latter explores conformations
that are similar to Flory random coils. The differing conformational dynamics of single-
chains are manifested in the phase diagram of these polyampholytes, as studied by several
groups. 143565 It was established, by field-theoretic simulations and random phase approxi-
mation (RPA) based phase diagrams that polyampholytes with scrambled charge patterns
have a narrower ‘two-phase region’ compared to sequences with a blocky charge pattern. De
Pablo and co-workers, again with RPA-based calculations, demonstrated that the presence
of charge blocks within a random sequence facilitates the formation of denser and more
salt-resistant coacervates.% Their study also supports the increased width of the two-phase
region as observed by Shea and co-workers. More recently, Marrink and co-workers used
MARTINI v3.0.7 based CG simulations to study the phase behaviors of Fsy and K3, at sev-

eral salt concentrations.® Encouragingly, the simulations captured the key trend observed in

the experimental studies of Priftis and Tirrell, who analyzed the sensitivity of ionic strength



on complex coacervation of Esy and K3y mixtures. %

The MARTINI forcefield is capable of providing a satisfactory description of the lipid
bilayers.®# In addition, the favorable MARTINTI results for natural IDPs®* 8% and E/K-
polyelectrolytes, ®* encouraged us to use MARTINI v3.0 to study the interaction of polyelec-
trolytes, and several polyampholytes with model lipid membranes as representative examples
of biomolecular condensate/membrane interactions.® Here, we ask the following questions:
(i) How does the sequence (or, the charge patterns) of the E/K-polyampholytes affect the ex-
tent of membrane remodeling by the condensates? (ii) How does a membrane modulate the
structure of the condensates depending on the sequence of its constituent polyampholytes?
(iii) What are the driving factors for these mutual structural alterations? In the subse-
quent sections, we aim to answer these questions with several long-timescale (tens of us for
each system) CGMD simulations, from structural, energetic, and kinetic viewpoints. These
simulations provide the first microscopic analysis of the sequence sensitivity of condensate-
membrane interactions and the subsequent effect on their morphology. The study shall lay
the groundwork for future investigation of physical factors that govern protein LLPS at the

membrane surface involving more complex proteins and lipid membranes. *7:40:42

Methods

The polyampholytes and polyelectrolytes have been modeled with the explicit-solvent CG
MARTINI (v3.0) force-field. ™ The atomistic models have been created with pymo187 followed
by a conversion into the CG model with martinize?2 script. We first aim to calibrate the
single chain behavior of polyampholytes with respect to the earlier published results of Das
and Pappu.®® To this goal, we have followed the method demonstrated by Lindorff-Larsen and
co-workers, 32 by systematically increasing the protein-water interactions. In this description,
each E and K residue is modeled by two and three CG beads, respectively (one backbone and

one/two side-chain beads). The side-chain bead of each E contains -1e charge and the second



side-chain bead of each K contains +1e charge. In addition to this, the N- and C-termini,
respectively, contain +1e and -1le charges.

For the membranes, we have chosen two different anionic membranes made of differ-
ent ratios of palmitoyl oleoyl phosphatidylcholine (POPC, zwitterionic) and palmitoyl oleoyl
phosphatidylglycerol (POPG, anionic). The two different ratios are: (i) POPC:POPG=50:50
and (ii) POPC:POPG=70:30. Although the percentage of anionic lipids might seem higher
than those of physiologically relevant ones (~ 10% — 15%), local concentrations on a large
membrane patch or a giant vesicle can be much higher due to spatial heterogeneity in mem-
brane composition. In our previous study, we showed that more that 20% POPG content is
required to observe stable membrane adsorption of polyelectrolytes.?! For the kinetic stud-
ies, we have used membranes with asymmetric leaflets, where only one of the two leaflets
contains anionic lipids. This has been done to direct the polyampholytes adsorption only on
one surface in the PBC setup.

For the single chain simulations we have used a 15 mm? cubic box and for the bulk
LLPS/coacervation study we have randomly inserted 50 polyampholytes (or, 50 polyelec-
trolytes of each type) in a 30 nm? cubic box filled with MARTINI CG water beads. These
systems contain Na™ and CI~ ions with a concentration of 15 mM. We have simulated the
single chain systems for 20 pus and the bulk LLPS systems for 10 us. After the formation
of the condensate in the bulk phase, we have extracted the coordinates of the coacervate
with its hydration and ionic environment up to 1 mm. Then, the condensate have been
placed near an already equilibrated and tensionless lipid bilayer. All the systems are then
energy minimized by using the steepest-descent algorithm followed by equilibration in the
isothermal-isobaric (NPT') ensemble for 2 us which allows the coacervate to form stable con-
tacts with the bilayer. After that, 5 us production runs are carried out in an NPT ensemble
with a 200 ps trajectory dumping rate. All the equilibration simulations are propagated with
a time step of 10 fs and production simulations are propagated with a time step of 20 fs,

using the leap-frog algorithm. We have used the V-rescale thermostat®® (70 = 1 ps~!) at 298



t39 with semi-isotropic pressure coupling (7p = 12 ps™!)

K and Parrinello-Rahman barosta
at 1 bar to make the bilayer tensionless. For initial equilibration purposes, we have used
Berendsen barostat® with 7p=6 ps~!. The electrostatic interactions are screened with a re-
action field (¢,) of 15 within a cut-off of 1.1 nm and vdW interactions are also terminated at
1.1 nm with the Verlet cut-off scheme. The simulations are carried out with the GROMACS

2018.3 package” and analyses are performed with a combination of Fortran90 codes, gmx

tools, and plumed 2.5.3.%2 For visualization purposes, we have used VMD 1.9.3.%3

Results and discussion

Single chain behavior

The polyampholyte chains are of the same molecular weight and charge content but only
differ in the permutation of the E and K residues. Das and Pappu defined a parameter, x to
differentiate these polymers from one another.*® To calculate x one partitions the sequence
into a certain number of overlapping ‘blobs’ of segment size g (taken to be 5 and 6) and
calculate the charge asymmetry (o;) according to Eq. (2).

LU=t )

(f+ + )i
where f, and f_ are the fractions of positive and negative charges respectively, in the i** blob.
Following this, k is calculated by normalizing the mean square deviation of o; (indicated as
) for a particular sequence by the maximum possible value of ¢ (by considering all the
sequences). k can take up values between 0 and 1, with x = 0 denoting the most scrambled
and k = 1 denoting the most segregated sequence. Later, Sawle and Ghosh defined another

parameter called sequence charge decoration or ‘SCD’ defined as follows [Eq.3]%*

m—1

N
1
SCD = N mz GmGn(m —mn)2 |, (3)

=2 n=1

N

N



where N is the chain length, ‘q” denotes the charges, and m and n are the indices. Therefore,
in this formalism, a more segregated/blocky charge pattern would exhibit a higher and
negative value of SCD.
In our study, we have used the nomenclature used by Das and Pappu (that is, sv1l, sv2
. sv30 etc.). Out of several sequences studied before, here we choose five representative
sequences that cover a broad spectrum of k and SCD values [Table 1]. Note that, the single
chain radius of gyrations (R,) increases monotonically with SC'D but not with x. We find
that all the polyampholytes exhibit predominantly a collapsed conformation with the original
MARTINI v3.0 force field parameters. Therefore, we rescale the protein-water interactions
and find that a 15% upscaling can make the single chain properties, such as the radius of
gyration [Table 1] and end-to-end distance profiles [Figure 1], well-behaved according to
the reference data.*® The average end-to-end distance profiles ((R;;)) are described in the

following way. For a certain value of |i — j| =k, (R;;) is defined as

(Ri(R)) = 57— 2 (Thtk = Tn), (4)

where N is the total number of beads, 7 and j are the bead indices, and 7 is the position
vector. A monotonically increasing (R;;) with respect to |i — j| indicates a random-chain
like behavior whereas, the emergence of non-monotonicity is associated with the preference
for ‘bent’ structures.

However, we observe that sequences with (very) low x values (that is, a high degree of
charge scrambling) such as ‘(EFK)s;’, do not behave well, even with the rescaled version
of MARTINI v3.0. Hence, due to the non-transferability of force field parameters and the
relatively narrower phase separation window, we do not include such sequences in the present
study. Nonetheless, we performed some analyses to address the origin of the discrepancy,
later in this paper.

We additionally look into the distribution of the end-to-end distances of the polymers

while they are isolated in water, and compare that with the conformational ensemble in the
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Table 1: The single chain sequences and their radius of gyration values obtained with the
original MARTINI v3.0 and its ‘scaled’ version along with the respective x and SC'D values.
A is the parameter that indicates the extent of ‘scaling’ with A = 1.00 being the original
‘unscaled’ forcefield. It is observed that a 15% scaling of the protein-water interactions can
produce R, values that are close to the reference.

Single chain R, in A Parameters
Sequence A= 1.00 A= 1.15 Ref. % K SCD
svl3 14.3 £ 0.86 21.9 + 0.40 24.1 0.095 -2.98
sv21 14.5 + 0.41 20.9 + 0.35 22.4 0.274 -4.06
sv24 13.0 £ 0.55 17.7 £ 1.13 17.5 0.445 -17.03
sv27 13.2 + 0.35 19.1 £ 0.56 19.5 0.673 -11.4
sv30 12.9 + 0.52 16.6 £+ 0.24 16.8 1.000 -27.9

svl3 = KEKKKEKEKKEKKKEEEKKKEEEKEKKKEEKKEKKEKKEEEEEEEKEEKE
sv21 = EEEEEEEEEKEKKKKKEKEEKKKKKKEKKEKKKKEKKEEEEEEKEEEKKK
sv24 = EEEEKEEEEEKEEEEEEEEEEEEKKKEEKKKKKEKKKKKKKEKKKKKKKK
sv27 = KKEKKKEKKEEEEEEEEEEEEEEEEEEEEKEEKKKKKKKKKKKKKKKEKK
sv30 = EEEEEEEEEEEEEEEEEEEEEEEEEKKKKKKKKKKKKKKKKKKKKKKKKK

60— ]
— sv21

50F (a) — sv24 .

- — sv27 E

— sv30 .

B
o
1

10 A=1.00 ] 10_ A=1.15 |

070 20 30 40 50 0'1'0'2'o|_'.|3'0'4'o'50
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Figure 1: End-to-end distance profiles (R;;) for the five chosen sequences with (a) the original
MARTINI v3.0 forcefield and (b) the ‘scaled” MARTINI v3.0 forcefield, where ¢ and j are
the residue indices. The original MARTINI v3.0 produces collapsed conformations even for
the low s polymers. With A = 1.15, MARTINI v3.0 produces the correct trend in R;;,
that is, non-monotonic increase (indicates a ‘bent’ or ‘hairpin-like’ conformation) for high
sequences and Flory random coil-like structure for the low x sequences.

membrane-adsorbed condensates [Figure 2]. It is observed that the conformational ensemble
is weakly dependent on the presence of anionic lipid membranes for the polyelectrolytes [Fig-
ure 2(a) and 2(b)] and polyampholytes with lower s values [Figure 2(c) and 2(d)]. On the

other hand, for the sequences with a high x value, the polyampholytes become more extended
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in the presence of a membrane [Figure 2(e), 2(f), and 2(g)].

T T 0.003————1—— 0.003 ——— 0.003 ——
0.008 (a) E, T (c) sv13 (e) sv24 (g) sv30
0.006[- 1 o.002F 4 o0.002r 4 o0.002} .
0.004f -
0.001F 41 o.001F 1 o.001 -
0.002 g
1 1 1 1 1 1 1
o % 2 7 6 %56 9o 12 %5 6 9 12 % 3 6 9 12
o . . . 0.003—————— 0.003—————— Feze (NM)
o L _
0.0081" (p) kg (d)sv21 (f) sv27
0.006} 4 o0.002- 41 0.002- . ——  Single Chain
—— 30% PG membrane
0.004r 7 0.001F 1 0.0t i —— 50% PG membrane
0.002f .
1 1 0, L1 0 L .
0 > ) 3 0 3 6 9 12 0 3 6 9 12
Feze (NM) Feze (NM) Feze (NM)

Figure 2: The end-to-end distance distributions for polyelectrolytes and polyampholytes in
isolated and membrane-condensate systems: (a) Eas, (b) Kos, (¢) sv13, (d) sv21, (e) sv24,
(f) sv27, and (g) sv30. The polyampholytes with a higher x value becomes more extended
in the presence of a membrane.

Shape of the coacervate upon membrane adsorption

When randomly placed in the bulk (i.e., without membranes), the polyelectrolytes and all
the variants of polyampholytes underwent LLPS to form complex coacervates which are
close to spherical in shape. With an increasing degree of charge scrambling (i.e., decreasing
k) the coacervates deviate from a spherical shape and also become less compact. In the
presence of anionic membranes, the coacervates exhibit spontaneous adsorption. We find
that coacervates formed by different polyampholytes spread differently on the membranes.
It is observed that coacervates formed by polyampholytes with a high « value tend to wet
the membrane surface less compared to those with a lower x value. This is also influenced
by the effective attraction of the membrane.

Evidently, there is a competition between the inter-polymeric interaction strength and the
polymer-membrane adhesion strength. For example, coacervates formed by sv21 and sv13

completely lose their spherical (bulk) shape after being adsorbed on 50% POPG membrane,

12



whereas coacervates of polyelectrolytes (Es9; and Kss) and sv30 are able to hold their shape
after getting adsorbed. The other two sequences, namely sv27 and sv24 show an intermediate
degree of wetting. With a 30% POPG membrane, the coacervates exhibit comparatively less
wetting due to the lower effective attraction of the membrane. To quantify the spreading
of the polyampholytes droplets we calculate the radius of gyration (R,) of the droplets in
water (bulk) as well as in the membrane adsorbed state [Table 2]. The respective snapshots

from simulations are provided in Figure 3.

Table 2: Time averaged radius of gyration (R,) of the coacervates in their bulk phase and
membrane adsorbed state. In the bulk, the coacervates are seen to become less compact
with increasing charge scrambling. A similar trend is observed in their membrane adsorbed
state. The low k coacervates are more spread out compared to the high x ones.

R, of the coacervate (nm)
Polymers | Bulk 50% PG 30% PG
Eys + Kys | 554 £ 0.16 | 6.83 £0.04 | 5.98 £ 0.06
sv30 5.64 £ 0.05 | 7.02 £ 0.08 | 6.02 £ 0.07
sv27 5.75 £0.17 | 9.29 £ 0.44 | 6.60 £ 0.27
sv24 582 £0.09 | 9.05 £ 0.52 | 7.25 £ 0.29
sv21 6.23 £ 0.35 | 12.46 &+ 0.75 | 9.47 £ 0.61
sv13 6.35 £ 0.39 | 12.17 £ 0.78 | 11.79 £ 0.98

Lipid demixing

Multicomponent lipid membranes are complex structures composed of a variety of lipid
species that differ in their headgroup chemistry, acyl chain length, saturation, and packing
density. Such lipid bilayers can exhibit local heterogeneity that can get enhanced due to
the presence of adsorbed polymers, bound proteins, or other macromolecules. %% This can
result in the formation of lipid domains, which can have different physical properties than the
surrounding membrane. Local lipid demixing can eventually lead to an altered membrane
morphology (due to different spontaneous curvatures of lipid components), which has far-
reaching consequences in biology.

Here we observe local demixing due to the adsorption of the coacervates on the membrane.

13



Bulk 50% PG 30% PG

Exs + Kys

sv30

sv27

sv24

sv21l

svl3

Figure 3: Snapshots of the condensates and their membrane adsorbed state for polyelec-
trolytes and polyampholytes with different degree of charge blockiness. In the bulk, low x
polyampholytes form less compact and more porous condensates. The condensates formed
by polyampholytes with a higher degree of charge scrambling tend to spread and wet the
membrane surface more. Here, the Lysine, Glutamate, POPC, and POPG residues are
shown in blue, red, cyan, and grey, respectively.
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Without the coacervates, the long-timescale membrane-only systems with POPC and POPG
do not show any phase separation with MARTINI 3 parameters. To quantify, we compute
the grid-wise and time-averaged charge density (as given by Eq. 5) of lipid head groups by

constructing a 30x30 grid in the XY plane along the bilayer [Figure 4],

o5 = (n"OP%) x (1), (5)

Here, i and j are the grid indices, o is the time-averaged charge density, and (nf9F¢)

is the time-averaged number of POPG heads in that particular grid. We find a significant
degree of local demixing in the upper leaflet (in contact with the coacervate) for the poly-
electrolytes and polyampholytes with blocky sequences (i.e., high k values). On the other
hand, the weaker polyampholytes could not induce a significant local demixing of the POPG

molecules.

sv30 sv27 sv24 sv21 svl3

50% POPG

30% POPG

Figure 4: Local de-mixing of lipids at the upper leaflet induced by the adsorption of the
coacervates. The time-averaged grid-wise charge density is plotted as a projection in the
XY plane. It is observed that the coacervates of strong polyampholytes (high ) can induce
more significant local demixing compared to the coacervates formed by the weak polyam-
pholytes (low ). [Note that the color bar scales are different for 50% POPG and 30% POPG
systems, to visualize the spatially resolved charge density profiles distinctly.]

Demixing is entropically unfavourable. Therefore, there must exist an enthalpic compo-
nent that overcompensates for the entropy loss. An earlier theoretical study by Ben-Shaul

et al. can be recapitulated to understand the above phenomena.? By employing a mean-
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field description of a charged sphere adsorbing to a charged surface, they showed that the
entropic penalty can be overcome through optimal charge matching. In a membrane, in ad-
dition to the counterion redistribution, the lipid molecules can laterally diffuse to facilitate
the optimal charge matching between the membrane and the coacervate. As the interior of
the coacervate is dynamic, a simultaneous spatial redistribution also takes place within the
coacervate to concentrate the positively charged Lys residues near the demixed negatively
charged POPG headgroups. This eventually drives local demixing.

The consequences of lipid demixing in multicomponent lipid membranes can be signifi-
cant. For example, the formation of lipid domains can affect the diffusion and mobility of
membrane-associated proteins, leading to changes in membrane signaling and cellular func-
tion. Additionally, lipid domains can act as sites for the recruitment of specific proteins or

lipids, leading to the formation of specialized microdomains within the membrane.

Curvature generation

Lipid membranes are dynamic structures that are capable of generating and responding to
changes in curvature. The generation of curvature in lipid membranes is a fundamental
process that is essential to a diverse range of cellular functions such as membrane scission,
fusion, cargo trafficking, motility, organelle shaping etc.? Through the generation of cur-
vature, cell membranes can adopt different morphologies and respond to internal/external
mechanical stress. There exist various mechanisms by which a lipid membrane can develop
curvature, as discussed below.

Membrane curvatures could arise because of the shapes of the constituent lipid molecules,
lipid phase separation, membrane tension, or, due to the interaction with proteins/polymers. 190106
For example, lipids with bulky headgroups, such as phosphatidylserine (PS) and phos-
phatidylethanolamine (PE), tend to form highly curved regions of the membrane due to steric

hindrance and electrostatic repulsion between headgroups. However, POPC and POPG ex-

hibit no spontaneous curvature due to their fairly cylindrical shapes. " In the membrane-only

16



systems, the bilayers do not show any persistent spontaneous curvature and phase-separation
under the same simulation conditions. The membrane is also made tensionless by applying
a semi-isotropic pressure coupling. Therefore, it is clear that the generated curvature is
induced by the adsorption of the coacervate on the membranes.

Curvature generation due to membrane-protein interactions can be further divided into

30,108 and (ii) coating/crowding

two broad classes of mechanisms: (i) hydrophobic insertion,
of proteins.!® In the case of curvature generation by hydrophobic insertion, the inserted
peptide residues alter the area of one of the membrane leaflets which leads to mechani-
cal stress and steric repulsions.3%1%10 In our systems of interest, the polymers are highly
charged and avoid the hydrophobic interior of the membrane. On the other hand, curvature
generation through coating/crowding occurs when proteins aggregate along the membrane
surface, but without insertion. Such crowding and scaffolding generate steric pressure that

1

drives the membrane deformation and leads to a positive curvature,'*! and the mechanism

is particularly relevant to IDPs clustered at membrane surfaces.''*''?2 However, the sign of
the resulting curvature and morphology might depend on the chain flexibility and strength

of adsorption. 104113

Egs + Kgs

&
Z(om)

50% POPG
S

Far .

30% POPG

Figure 5: Generation of negative curvature (reflected by the time-averaged membrane Z-
surface) by polyelectrolytes and polyampholytes condensates on two different anionic mem-
branes. Weak polyampholytes with a low « value is mostly spread over the membrane and
cannot generate a significant curvature. Strong polyampholytes with a high x value can
generate more prominent negative curvatures in the order of 0.1 nm™1.

We observe that coacervates formed by polyelectrolytes and strong polyampholytes (with
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Table 3: Estimation of the generated negative curvature by the coacervates formed by poly-
electrolytes and strong polyampholytes. These values are the result of a numerical fit of the
time-averaged Z-surfaces plotted in Figure 5.

Curvature (nm™!)
Polymers 50% PG 30% PG
Eos + Kos  0.120 0.102

sv30 0.095 0.085
sv27 0.083 0.082
sv24 0.090 0.079

high x values) induce a prominent negative curvature at and around the region of contact.
As the weaker polyampholytes tend to wet the membrane surface and cannot hold their
spherical shape, they cannot induce any curvature. In Figure 5, we plot the time-averaged
Z-surface (normal to the membrane) of the bilayer-coacervate systems by translating the
whole system with respect to the center of mass of the coacervate to the center of the box
at each time step. The whole XY -surface is divided into 30x30 grids and the time-averaged
Z-coordinate for each grid is calculated.

Kim and Sung performed a theoretical analysis to understand the sign of the membrane
curvature upon the adsorption of polymers of different nature.'%* According to their study,
a weakly bound flexible polymer can produce a positive curvature whereas a strongly bound
flexible polymer results in a negative curvature. The latter is observed in our simulations.

They estimated the order of magnitude of the curvature (C') by Eq. (6) as follows,

e (’ff{) 5 (6)

Here T is the temperature, x denotes the membrane bending modulus, ¢ is the polymer

adsorption strength, b is the polymer attraction range, and ¢ is related to the thickness (€)
of the adsorbed polymer layer as £ = b(1 + §). Some typical values (also used by Kim and
Sung) are as follows: b ~ 1 nm, k ~ 10 kgT,% § ~ 0.1, and € ~ (T./T) ~ 10. With these
approximate numerical values, Eq. (6) yields C' ~ 0.1 nm™!. The estimated mean curvatures

1

for our systems also fall in the range of 0.08 — 0.12 nm ™", which corroborates well with the
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theoretical prediction (Table 3).

Contact pair analysis

Here, we report the the total number of time-averaged contacts between different pairs, after

reaching equilibrium, according to Eq. (7),

1 — [ri(t) /rol°
1 — [ry(t) /o]’

(7)

qij(t) =

where ¢;;(t) is a measure of contact between i and j** beads at a given time ¢, 7;;(¢) is the
distance between i and j beads at time ¢, and 7y = 5 A . The particular choice of the
contact order parameter (Eq. 7) has been made in order to make it smoothly vary from 1
to 0, rather than the usual Heaviside function. Therefore, the time-averaged total number
of contacts (Q) is described by Eq. (8), where 7 is the number of time steps over which the

average is taken

Q=-3"00 == (). ©)

ijit

In Figure 6, we plot @ for polyampholyte-polyampholyte (P-P) and polyampholyte-lipid
(P-L) pairs in their bulk as well as bilayer adsorbed state, against the parameter x. We find
that (Qp_p increases with « which indicates that the coacervate remains more compact for
stronger polyampholytes, even in the presence of a membrane. For any given k, it can be
seen that the P-P contacts get depleted [Figure 6(a)] in their membrane adsorbed states.
Interestingly, for sv27 the decrease in Qp_p from its respective bulk value is more that the
other sequence variants. @Qp_p, on the other hand, shows a non-monotonic behavior on
50% POPG membrane but a monotonic increase on 30% POPG, with respect to x. The
depletion of P-P contacts and increment in the P-L contacts get manifested in the interaction

energetics as described in the subsequent section.
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Figure 6: Number of contacts between (a) polyampholytes (Qp_p) in the bulk coacervate
(black), 30% POPG membrane (red), and 50% POPG membrane; (b) polyampholytes -lipid
(Qp-r) for 30% (red) and 50% (blue) POPG membranes. For a given value of x, Qp_p is
lower in the membrane adsorbed state compared to the bulk coacervate. [The dotted lines
are drawn to guide the eyes and are not constructed of actual data points].

Energetics

Here we aim to understand the driving force for the adsorption of the coacervate, wetting of
the membrane surface, and the other subsequent events. We compute the component-wise
average pair interaction energies (the sum of Lennard-Jones and Coulomb interactions). Out

of 21 distinct pairs, we only plot the significant contributions in Figure 7 for two different
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anionic membranes with respect to the charge blockiness parameter, .

In Figure 7 we plot the scaled interaction energy (AFE) divided by the total number of
polyampholytes (N,0). AE is scaled by subtracting the interaction energies in the respective
bulk coacervate system. For all the systems, we find that the inter-polyampholyte interac-
tions (P-P) get destabilized. To balance this, there are two major stabilizing effects that
arise from the polyampholytes-lipid (P-L) and polyampholytes-ion (P-Ion) interactions. In
addition to that, the polyampholytes-water (P-W) interactions are also (weakly) stabilizing.
For systems with 50% POPG, the individual stabilizing effects of P-L and P-I surpass the
destabilizing effect from depleting P-P pair [Figure 7(a)]. Interestingly, for systems with 30%
POPG, the stabilization obtained through the increase in the P-L interactions is solely not
enough to compensate for the destabilizing effect that enters through the P-P interaction
energies [Figure 7(b)]. Here, P-I and P-W attractive interactions play a major role in driv-
ing the bilayer wetting. The extent of both destabilization and stabilization amplifies with
increasing x. Further decomposition of the interaction energies for different sub-ensembles
reveals that E-E and K-K interactions become stabilized, but E-K interactions become more
destabilized at the same time. The decomposition of the P-L pair interactions reveals that
the E-POPG interactions are destabilizing whereas, the K-POPG interactions provide a
huge stabilizing effect. An earlier study by Stachowiak and co-workers hypothesized that
the increased overlap among the IDP residues was the driving force of negative membrane
curvature generation, primarily based on a continuum mechanics framework.?? However,
we rather observed the opposite for both polyelectrolytes and polyampholytes coacervate
adsorption on membranes.

Here we have focused solely on interaction energies, while it was suggested that entropic
factors associated with counter-ion release is a major driving force for bulk coacervation. %
Here, we have not analyzed the entropic component in detail, since coarse-grained models
may not be able to capture the proper entropic components of the relevant free energies. 14

For example, a previous study on the hydrophobic association of helical peptides!!® revealed
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Figure 7: Interplay between different pair interaction energies plotted against  for: (a) 50%
POPG membrane and (b) 30% POPG membrane. AE = (E)— Ep, is the scaled interaction
energy per polyampholyte. A positive value of AE denotes destabilizing effect whereas
a negative value of AF denotes stabilizing interactions. The reported values are block
averaged by dividing the trajectory into blocks of 100 ns. Error bars are either one or two
orders of magnitude smaller, and hence not shown for a clearer representation. [Notations:
P=polyampholytes, L=lipids, I=ions, and W=water.]

that the MARTINI (previous to v3.0) could not capture an entropy-driven dimerization un-
less the CG water model features a quadrupole moment comparable to that of atomistic
water clusters.”™ Interestingly, in our previous study, we showed that MARTINI v3.0 can
capture the enthalpy-entropy balance relatively well, in the context of polyelectrolyte asso-

ciation, by comparing it with an atomistic forcefield.?! In the same paper, it was also shown

that MARTINI v3.0 can predict the right trend in the increase or decrease in interaction
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energetics among different sub-ensembles. Nevertheless, systematic elucidation of entropic
contributions in LLPS and LLPS-membrane interaction requires additional analysis using

different CG or potentially atomistic models. 1167118

Effect of an extra ‘bond’

The two coacervates, one formed by FEo; & Ks5 and ano ther formed by sv30, have only one
difference at the single chain level. In sv30, the Fos & Ks5 segments are connected by a
harmonic bond. Here we explore the changes observed in their behaviour in the bulk as well
as with membranes, solely due to this extra ‘bond’. In Table 3 and Figure 5 we have already
noted that the generated negative curvatures are higher for Fys & Ko5 coacervate than those
generated by sv30 coacervate. We also showed a greater extent of demixing induced by
the Fos & Kos coacervate (Figure 4). In Figure 8, we provide bar plots to highlight the
differences in terms of interaction energies between different pairs.

Figure 8 shows that the magnitude of stabilization/destabilization is higher for Fo5 & K5
coacervate than those due to sv30 coacervate. Therefore, the membrane remodeling (and
subsequent stabilization) abilities of the coacervate get partly reduced due to an extra
backbone connection. The ‘bond’ alters both the enthalpic and entropic contributions of
the coacervate-membrane interaction. The entropy of an ideal polymer chain is given by
S = kBln[Q(é)], where R is the end-to-end distance of the polymer chain. The entropy
scales as R?/NI?, where N is the number of bonds in the polymer and [ is the Kuhn length.
From Figure 2 we have noted that the single chain end-to-end distance distribution for sv30
becomes wider when the coacervate is adsorbed to the membranes. However, for Ey5 and
K5, the distributions of the membrane adsorbed state are markedly similar to those in the
bulk. Therefore, from an entropic perspective, the adsorption of sv30 is favourable. On the
other hand, there is an enthalpic penalty for sv30 associated with the spatial reorganization
of the coacervate. This is due to the fact that the positively charged Ks5 segment necessarily

brings the connected negatively charged Fs; segment when establishing contacts with the
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Figure 8: Comparison of the pair interaction energetics upon membrane adsorption of Fo; —
Ky and sv30. (a) for 50% POPG bilayer and (b) for 30% POPG bilayer. The X- and Y-axes
labels bear the same meaning as Figure 7.

negatively charged POPG headgroups of the de-mixed bilayer. This constraint is not present
in the ‘disconnected’ polymers, which are able to maximize enthalpic interactions with the

membrane.

Kinetic aspect: Condensation vs. membrane adsorption

The results and observations discussed so far have been inferred from simulations that are
carried out by assimilating a pre-equilibrated membrane patch and a pre-formed condensate.
This was done to quickly achieve the membrane-adsorbed equilibrium state. However, to an-

swer the question: What is the sequence of events?, we have performed additional simulations
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starting with randomly distributed polymers around a membrane patch.

Figure 9: The time-evolution of (a) polymer-polymer (Qp_p) and (b) polymer-lipid (Qp_1)
contacts for different systems starting from a randomly distributed polymer configuration.
Qp_p shows a fast increase followed by stabilization whereas the growth of Qp_ is slower.
The darker traces are obtained by time-averaging. Snapshots of the condensation and mem-

brane adsorption processes for two representative polyampholytes-membrane systems (c)
sv27 (high k) and (d) sv21 (low k).

The time evolution of different pair contacts is monitored throughout the trajectory
according to Eqs. (7) and (8). In Figures 9(a) and 9(b), we respectively plot Qp_p and
Qp_r against time. For all the systems polyampholytes condensation precedes membrane
adsorption. More than one sequence, namely, sv30, sv27, and sv21 exhibit two jumps in
the Qp_r vs time plot. This indicates fractional adsorption in the beginning, followed by
total adsorption and spread. In Figures 9(c) and 9(d), we provide several representative
snapshots to visualize the polyampholyte condensation and membrane adsorption processes.
It is also observed that the generation of negative curvature and lipid demixing occur almost

simultaneously. During these processes, the coacervate also redistributes its constituent
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polyampholytes so that maximum enthalpic stabilization can be achieved. Therefore, the
sequence of events is; the formation of the condensate away from the membrane and/or
partial adsorption of the polyampholytes on the membrane surface — adsorption of the
total condensate on the membrane surface — generation of negative curvature, segregation

of lipids, spatial redistribution of the polyampholytes, and membrane wetting.

Low k sequences

As mentioned in section 3.1, the polyampholytes-sequences with a low x value (typically
< 0.1) remains collapsed (compared to the reference data?®) even with a high degree of
enhancement in the protein-water interaction (up to 50%). To find out the origin of the
discrepancy, we perform several simulations involving two model short-chains, namely F;oKq
(k =1) and (FK)19(k = 0). With each chain we carry out three simulations: (i) Atomistic
MD with CHARMM36m and TIP3P water, (ii) Explicit water MARTINI-3 simulations,
and (iii) Bundled-TTP3P atomistic MD simulations with CHARMM36m. The bundling
approach, where 4 atomistic water molecules are tetrahedrally bound to each other, was
used earlier in several studies to explicitly probe the effect of large MARTINI water beads
by keeping everything else in the atomistic resolution. 19120

We calibrated the bundled-TIP3P model by adjusting the repulsive potential (Ci2) to
match the desired atomistic density. We further compared (and matched) the position
of the peaks and minima in the radial distribution function for MARTINI-3 water and
bundled-TIP3P. Therefore, one can huristically accept the bundled-TIP3P as a fine-grained
representation of the MARTINI-3 water. Our analyses reveal that for the x = 0 chain, the
distributions of the R, and end — to — end distances in the bundled-TIP3P system match
that from the MARTINI-3 simulation. However, both of them deviate from the distributions
obtained from the pure atomistic system. Nonetheless, for the x = 1 chain, distributions
from all systems possess a significant overlap. Therefore, it can be concluded that the size

of the water bead might restrict the low s chains to explore certain conformations that are
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otherwise present in an atomistic system. Resolution of this problem might involve further
calibration of MARTINI-3 for polyampholytes. The results for this section are provided in

the Supporting Information.

Conclusions

The interaction between phase-separated IDPs with cell membranes has emerged as an im-
portant area of research in biophysics. In this paper, we have used CGMD simulations (with
MARTINI v3.0) to unravel the sequence sensitivity of polyampholytes in the context of
coacervate-membrane interaction followed by the mutual alteration of structures. In a pre-
vious study, by using a similar methodology, we showed that polyelectrolytes mixtures (E3g
and K3g) can remodel the membrane by inducing negative curvature and lateral demixing
of lipids.?! We found that the magnitude of bending and demixing depend on the fraction of
anionic lipids. Here we have explored the same for polyampholytes with different charge pat-
terns that serve as model systems for a diverse range of naturally occurring IDP sequences.
However, we note that the natural IDPs are abundant in low x polyampholytes, typically
less than 0.3.%°

The rationale behind the choice of MARTINI v3.0 for our systems of interest is partly
driven by the work of Marrink et al.,%* who captured the salt concentration dependence of
polyelectrolytes in the bulk phase with MARTINI v3.0.5 Additionally, in the context of EK-
polyampholytes a systematic tuning of MARTINI v3.0%% (by increasing the protein-water LJ
interaction strength by 15%) captured the single chain conformational ensemble relatively
well. As the single-chain properties are well-correlated with its phase behavior,?338 one
can assume that ‘scaled-MARTINI v3.0’ provides a reasonable description of our systems of
interest. Nevertheless, the scaled-MARTINI v3.0 fails to capture the correct conformational
ensemble for polyampholytes with very low x or SCD value (well-mixed charge sequences).

Our conjecture towards the resolution of this puzzle refers to the representation of water in
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MARTINI where one water bead is equivalent to four atomistic water molecules. We showed
by employing bundled-water simulations that the size of water can control the single-chain
conformations. It could be possible that water at the molecular level plays an important
role in directing the conformational dynamics of the low k sequences, as suggested in several
earlier studies in the context of polymer dynamics.'?® Note that, here we use the results
of Das and Pappu?® as a reference which is also from simulations (in implicit solvent and
with atomistic resolution). A dearth of experimental data for single-chain properties of
polyampholytes (such as SAXS or PRE) makes it difficult to calibrate the force field.

Here we report several interesting aspects of polyampholytes condensate-membrane in-

teractions and their sensitivity to the charge patterning. The key observations are:

1. Polyelectrolytes and polyampholytes with long stretches of similar charges form more
compact coacervates. Polyampholyte condensates with segregated single-chain charge
patterns (i.e., blocky charge sequences with a high k) can bend anionic lipid membranes
more prominently than those with scrambled charge patterns (associated with a low ).

The extent of lipid demixing also amplifies with increasing blockiness of the sequences.

2. The change in the coacervate shape after getting adsorbed on a membrane depends
on the charge patterning. Polyampholytes with a segregated charge pattern tend to
partially hold the coacervate shape, whereas those with a scrambled charge pattern

tend to wet the membrane by spreading out.

3. Our microscopic component-wise analyses reveal that the inter-polymeric contacts (as
well as interaction energies) get depleted upon membrane adsorption which is compen-
sated by the favorable polymer-lipid and polymer-ion interactions. The magnitude of
both destabilization and stabilization amplifies with increasing . The entropic contri-
bution is not analyzed here, owing to the general difficulty for CG models to capture
the entropy-enthalpy balance.!'*'1® However, we previously showed that MARTINI

v3.0 (without any parameter tuning) can qualitatively capture the relative balance
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between entropy and enthalpy.?!

4. Kinetic studies reveal that condensation away from the membrane precedes membrane
adsorption. The findings are consistent with two anionic membranes with different

POPG contents.

To conclude, our present study demonstrates that the membrane remodeling ability of
coacervates of polyampholytes composed of glutamates and lysines is dependent on its se-
quence, even if the net charge content is the same. The membrane remodeling ability in-
creases with k. The observed curvatures (~0.08-0.12 nm™') seem relevant to realistic pro-
cesses such as vesicle biogenesis.*?12! The present study provides a critical understanding on
coacervate-membrane interaction which could be helpful in designing IDPs for specific pur-
poses. Our broader goal is to incorporate more complex (and biologically relevant) proteins

and membranes in this framework of study in the future.
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