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Interplay Between Hydrophobic Effect and Dipole Interactions in
Peptide Aggregation at Interfaces’

Sai J Ganesan,” and Silvina Matysiak*"*

Protein misfolding is an intrinsic property of polypeptides, and misfolded conformations have a propensity to aggregate. In the
past decade, the development of various coarse-grained models for proteins have provided key insights into the driving forces
in folding and aggregation. We recently developed a low resolution Water Explicit Polarizable PROtein coarse-grained Model
(WEPPROM) by adding oppositely charged dummy particles inside protein backbone beads. With this model, we were able
to achieve significant a/B secondary structure content, without any added bias. We now extend the model to study peptide
aggregation at hydrophobic-hydrophilic interfaces and draw comparisons to aggregation in explicit water solvent. Elastin-like
octapeptides (GV)4 are used as a model system for this study. A condensation-ordering mechanism of aggregation is observed
in water. Our results suggest that backbone interpeptide dipolar interactions, not hydrophobicity, plays a more significant role
in fibril-like peptide aggregation. We observe a cooperative effect in hydrogen bonding or dipolar interactions, with increase
in aggregate size in water and interface. Based on this cooperative effect, we provide a potential explanation for the observed
nucleus size in peptide aggregation pathways. The presence of a hydrophobic-hydrophilic interface both (a) increases order of
aggregates formed, and (b) rate of aggregation process. Without dipolar particles, peptide aggregation is not observed at the
hydrophilic-hydrophobic interface. Thus, the presence of dipoles, not hydrophobicity plays a key role in aggregation observed at

hydrophobic interfaces.

1 INTRODUCTION

Elongated protein fibrils are associated with multiple neuro-
logical diseases, such as Alzheimer’s, Huntington’s and prion
diseases, among others '3 Studies also suggest that the abil-
ity of proteins and peptides to form amyloid fibril structures
is not limited to disease conditions, but a generic property
of polypeptides*®. The “core structure” of mature amyloid
fibrils is known to involve an alignment of short peptide seg-
ments, between 6 and 12 residues, into cross-3 structures’.
Many kinetic mechanisms of aggregation have been pro-
posed®, however, nucleation-growth process®!? is the more
accepted and dominant view. In the nucleation-growth pro-
cess, a lag phase is observed, during which a nucleus (or a
small oligomeric aggregate) is formed, followed by the rear-
rangement and elongation of the nucleus to fibrillar or ordered
structures, known as the growth phase. Studies have revealed a
number of potential intermediate species that can either lie on-
or off-pathway to aggregation '3, thus suggesting the exis-
tence of a number of pathways to the final aggregated state.
The exact nature of the “nucleus” is not known, however,
the presence of disordered aggregates seem to appear as in-
termediate states in many cases, and have been suggested to
play the role of an “initiation site” for ordered amyloid fibril
growth %1415 A condensation-ordering mechanism, where
a disordered oligomer is formed initially, which eventually
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aligns to form a more ordered structure, has been observed
in many experimental and theoretical studies of amyloid for-
mation319-16-18 The common B-sheet structured core, seen in
ordered fibrils formed by various polypeptides, suggests that
intermolecular backbone hydrogen bonding is critical for the
assembly of amyloid fibrils!®. While hydrophobic interac-
tions are crucial in stabilizing native proteins, the backbone
hydrogen bonding network is known to be a dominant force
in stabilizing amyloid fibrils>*2!. The cooperativity of this
hydrogen-bond network, observed from first principle calcu-
lations, is believed to provide an extra-stabilization to peptide
fibrils 2223

The presence of surfaces such as cellular membranes is
emerging as an important factor in amyloid formation, espe-
cially in the context of in vivo biological systems?*. Solid
surfaces have been observed to influence protein aggrega-
tion kinetics and morphology in a variety of peptides?>2°,
Confinement to two dimensions leads to an enhancement of
protein concentration, whereas surface interactions promote
the formation of aggregation-prone structures via an ordered
templating mechanism. Aggregation studies on spherical
nanoparticles revealed a condensation-ordering mechanism,
similar to what was observed without a surface, independent
of hydrophobicity 1?7,  Experimental studies also suggest
changes in conformation and hence aggregation morpholo-
gies, induced by the presence of surfaces?®. In fact, octapep-
tides have been extensively studied using experiments 2933,

Water-hydrophobic interfaces have been used as a model
system to understand peptide aggregation on membranes. In
particular, hexadecane slabs are known to be a good mem-
brane mimetic environment3*. Experimental and simulation
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studies have shown (GV), peptides to be good models for
studying amyloid formation, as these peptides have a propen-
sity for forming f-sheet containing fibrils, both in water and
at octane-water interfaces>>3°, Here, we use molecular dy-
namics simulations (MD) with a coarse-grained peptide model
to investigate how dipole interactions and interfaces can in-
fluence self-assembly of ordered peptide aggregates. Coarse-
grained (CG) models have made a huge impact on our under-
standing of how peptides/proteins aggregate in scales difficult
to achieve by atomistic simulations 3’3, While atomistic sim-
ulations have given us insights into the first aggregation steps,
they are unable to capture the entire aggregation process from
monomeric species to fibrillar species***!. Most on- and off-
lattice CG models that successfully capture different aspects
of the oligomerization process renormalize the solvent envi-
ronment through effective short-range, inter-residue interac-
tions and do not take into account dipolar interactions*>~0,
We recently proposed a new water-explicit off-lattice CG pro-
tein model, which we now call WEPPROM (Water-Explicit
Polarizable Protein Model)*’. WEPPROM has roots in the
MARTINI force field*®. WEPPROM models a protein back-
bone bead with a flexible dipole, thus introducing structural
polarization. The inclusion of backbone dipoles allows the
protein model to achieve de novo helix and sheet content,
based on the primary sequence, without any biases. We found
that dipolar interactions contribute to cooperativity in fold-
ing secondary and supersecondary structures. Since hydro-
gen bonds are a type of dipole-dipole interactions, these added
dipoles mimick Hydrogen-bond (H-bond) effect. However, it
is important to stress on the fact that H-bonds have a covalent
character due to the involvement of orbital interactions, which
contributes to the directionality of the hydrogen bond*>*. In
water, the hydrogen bond is known to be roughly 90% electro-
static and 10% covalent in nature’'. Since peptide backbone
hydrogen bonds are also weak in nature, we think modeling H-
bonds as dipole-dipole interactions is a reasonable approxima-
tion.In this work, we have used this new CG polarizable model
to probe the role of dipole interactions and water-hydrophobic
interfaces in the aggregation of (GV)4 octapeptides into fibril-
like structures. Since in the WEPPROM model, the back-
bone dipole can fluctuate, we characterize if backbone dipoles
exhibit any cooperative effect upon peptide aggregation, and
how that translates to the stability and formation of fibril-like
peptide aggregates. We investigate the balance between hy-
drophobic effect and dipole interactions in water and at inter-
faces. Our results suggest a difference in this balance for ag-
gregation in water and at the interface. That is, hydrophobicity
plays a more significant role for aggregating peptides in aque-
ous solution than at hydrophobic-hydrophilic interfaces. At
hydrophobic-hydrophilic interfaces, without backbone dipolar
particles, peptide aggregation is not observed.
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2 METHODS
Table 1 List of Simulations
System Peptides Concentration (M) Runs Interface
I 2 0.025 8 No
II 3 0.0375 8 No
III 4 0.05 8 No
v 8 0.075 8 No
\Y 12 0.15 8 No
VI 12 0.15 8 Yes

2.1 System Setup

The block octapeptide (GV)4 was modeled as a repeat neutral
(N) and hydrophobic residue (H) sequence, respectively (see
Figure 1a). The neutral residue was modeled as a spherical
polar backbone bead (BB), which has an embedded dipole, as
shown in Figure 1b. The hydrophobic residue has a hydropho-
bic side chain (SC) bead, in addition to the backbone bead.

The backbone coarse grained bead consists of three inter-
action sites, the center bead BB, and two dipole particles,
BBm and BBp. The main site, the center of the BB bead,
interacts with other CG beads through a pairwise Lennard-
Jones (LJ) potential. Dipole particles BBm and BBp are har-
monically bound to the central particle BB (equilibrium dis-
tance (), force constant (k;)), and carry a positive and nega-
tive charge of equal magnitude (q), respectively. These dipole
particles interact with other particles via electrostatic interac-
tions. An harmonic angle potential (equilibrium angle (0) and
angular force constant (kg)) was used to control the rotation
of BBm and BBp particles. For solvation, a polarizable CG
water model was used>2. Since the location of the dipole par-
ticles were not fixed, the model is polarizable. That is, changes
in dielectric medium or local environment, results in induced
backbone dipoles and hence structural changes. This makes
WEPPROM model suitable for this study. Details on param-
eterization methods and forcefield parameters are provided in
reference 1.

A hexadecane molecule was modeled as 4 hydrophobic
beads, using 1:4 mapping scheme, with a backbone bond
length of 0.47nm (bond constant k; = 1250kJ /mol); angle
of 6=180° (angle constant kg = 25kJ /mol), taken from the
MARTINI forcefield*®. The pairwise LJ interactions for these
hydrophobic beads is the same as that for the hydrophobic side
chain bead used in WEPPROM.
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2.2 Simulation Parameters

Peptide concentrations along with assigned system names
used in this study are reported in Table 1. A cubic box of
5nm length with water density of 1040kgm > was used for
simulations in explicit water. For simulations with hexade-
cane or an interface, a rectangular simulation box of equivalent
volume of water and hexadecane (density 1090kgm ™) in a
5x5x10nm dimension was used. Both densities were obtained
from equilibrium NPT simulations at 300K temperature and
latm pressure respectively>2. Snapshot images of initial sys-
tem setup are shown in Figure S1. Eight replicate simulations
of each concentration system were performed with the NVT
ensemble at T=300K. To study the effect of temperature, eight
replicate simulations of 12 peptide system in water was run
at temperatures 350K, 365K, 375K, 385K and 400K.In each
replica, distinct initial conformations of the peptides were as-
signed using a different set of random seeds. The highest con-
centrated system (12 peptide/system V), was studied in the
presence of a water-hexadecane interface (system VI), keep-
ing the concentration in water constant. To explore the role
of sequence, we also looked at 12 poly-glycine (polyG) and
poly-valine(polyV) octapeptides, both at the interface and in
aqueous solution. These simulations were performed at 300K.
To characterize the role of dipolar interactions, a set of con-
trol runs of system V and VI, without dipolar particles were
also carried out. A total of 100ns data was collected for each
system. All simulations were carried out using the GRO-
MACS package>? version 4.5.5, and visualized on VMD>*,
Nose-Hoover thermostat (time constant=1ps) was used to keep
the temperature at 300K. A time step of 5fs was used in all
the simulations, and the neighbor list was updated every 10
steps. The long-range electrostatic interactions with periodic
boundary conditions (xyz) were calculated by the particle-
mesh Ewald method>. A global dielectric constant of 2.5
was used. The LINCS algorithm>® was used to constrain the
bonds of the water molecules (between the central CG site and
the dipole particles).

2.3 Analysis

The last 50ns of each trajectory was analyzed, unless other-
wise stated.

2.3.1 Order Parameter. Dipole order was evaluated us-
ing the principal method for determining orientational order in
liquid crystalline systems, or the P2 order parameter>’. This
order parameter is given by %lmax, where A4y is the highest
eigenvalue of matrix S; (Equation 1). N is the total number of
backbone beads, u; is a unit dipole vector within a backbone
bead. P2 is 1 for a fully ordered system and O for a random

systemsg.

Fig. 1 (a) Coarse-grained representation of (GV)4 peptide,
backbone beads (BB) are represented in translucent black,
hydrophobic side chain beads in green, and positively and negatively
charged dummies in blue and red respectively. (b) Polarizable BB
bead; vdW radius of BB bead encloses dummy particles, BBm
(negatively charged) and BBp (positively charged).
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Peptide order was also calculated using the above P2 pa-
rameter, with N as the total number of peptides, and u; as the
end-to-end vector (R) of a peptide. A similar definition of the
orientational order parameter to characterize peptide aggrega-
tion has been used in a number of aggregation studies6-3%60,

2.3.2 Dipole Moment and Energy. Dipole moment (i)
for each backbone bead, in an aggregate, was evaluated using
Equation 2. The quantities rggy;, I'8Bp;» 4BBm» BBp TEPrESeNt
position vectors and charge of the two dummy particles, and
Tcom; 18 the center of mass vector of the backbone bead.

,ui(ri) = CIBBm(rBBm,- - rcom;) + CIBBp(rBBp,' - rcom,-) (2)

2.3.3 Pseudo Hydrogen Bonds. Since hydrogen bonds
are a type of dipole-dipole interactions, and WEPPROM mod-
els a peptide backbone (CO-NH) as a dipole, we refer to dipo-
lar interactions in our model as “pseudo” hydrogen bonds (H-
bond). WEPPROM models H-bonds as purely dipole-dipole
interactions and does not account for the covalent character
of H-bonds. This is also the reason we refer to dipole-dipole
interactions as “pseudo” H-bonds. The number of interpep-
tide pseudo hydrogen bonds was calculated as a measure of
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sheet content. A H-bond was defined between any two oppo-
sitely charged dummy particles on distinct peptides, within a
cut-off of 2.5A. This cut-off corresponds to the peak of a pair-
wise distance distribution between positively and negatively
charged dummy particles in helical (i and i+4) and sheet con-
formations (see Figure S2a).

2.3.4 Water Expulsion. To explore the role of solvent,
we evaluated the number of water molecules around hy-
drophobic side chain beads. We used a cut-off of 6.6 A, which
corresponds to the location of the first minima in the radial dis-
tribution function (RDF) plot between water and hydrophobic
side chain beads (Figure S2b).

2.3.5 Conformational Analysis and Kinetics. Aggre-
gates formed can either be disordered or ordered [-sheets.
Conformations were classified using the following criteria: if
a peptide in an aggregate, made less than two pseudo interpep-
tide hydrogen bonds with any other peptide, it was classified
as a monomer (M), else, defined as part of an aggregate. If
each peptide of the aggregate made at least 5 H-bonds, where
n is the length of the peptide, we termed the aggregate as an or-
dered aggregate, else, intermediate or disordered. This criteria
is consistent with a similar kinetics study from Hall’s group
on peptide aggregation®'. We used the same criteria for our
temperature studies as well. To compare kinetics or dynam-
ics of aggregates between systems, with and without dipolar
particles, a backbone bead cutoff (5A) was used in place of
interpeptide H-bonds. This cutoff was obtained by compar-
ing pairwise distance distributions between backbone beads
of different peptides in an aggregate, with and without dipo-
lar particles, for 12 peptides system V (blue and red curves in
Figure S2c¢).

The ordered aggregates can either adopt a “cross-f3” or
“fibril-like” conformation in water. Radius of gyration (Ry)
was used to distinguish these two ordered populations. As
shown in Figure S3a and S3b, a “cross-f” like aggregate pop-
ulates the R—fv (where N is the number of peptides) region of
1.5 to 2.5nm and has at least 6 inter-peptide H-bonds. Whereas
a “fibril-like” aggregate occupies the region of 3.5 to 4.5nm
and has greater than 8 inter-peptide H-bonds. The above pa-
rameters were used to determine the conformational frequency
of (GV)4 aggregates in water. At the interface, only “fibril-
like” aggregates were seen, and hence the H-bond cutoff was
sufficient to distinguish ordered from disordered conforma-
tions.

2.3.6 Potential Mean Force. Potential mean force
(PMF) for aggregates in water and at the interphase, for sys-
tems with and without dipoles were evaluated using Equation
3. The quantities p(Rg) is the probability distribution of radius
of gyration of the aggregate formed, W is the PMF, k;, is the
Boltzmann constant and 7 is 300K in our study.

a b ¢
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Aggregate Size Aggregate Size
c d 8\’ e E
Fig. 2 Average (a) dipole order and, (b) dipole moment per
backbone bead with respect to (GV)4 aggregate size. All error bars
represent 95% confidence interval for the mean (assuming normal
distribution) of collective data, as standard error of the mean is
negligible due to large number of conformational information
collected. Representative conformation of (c) 2 peptide aggregate;
(d) 3 peptide aggregate; and (e) 4 peptide aggregate. Cyan and
purple beads correspond to backbone representation of hydrophobic
and neutral residues respectively.
W(Rg) = —kyTinp(Re) 3)

3 Results and Discussion

3.1 Effect of Concentration

We first present the results characterizing the effect of concen-
tration in determining the structure and stability of aggregated
conformations. All the simulations performed in explicit wa-
ter resulted in transient or stable aggregate structures.

To characterize the conformations, we looked at the time
evolution of the average backbone dipole moment (Figure S4).
Backbone dipole moments of 2 and 3 peptides systems (I and
II) fluctuate between 3 and 5D (Figures S4a-b), whereas, for
systems III and IV (4 and 8 peptides systems), the value re-
mains constant at around 4.5D after 10ns (Figures 4c-d). Sys-
tem I (2 peptides) fluctuates more than system II (3 peptides),
and system II stabilizes higher dipole moment conformations.
Therefore, more ordered and stable conformations are ob-
served in system II, at 300K. Whereas, aggregates of 4, and
8 peptides result in stable, structured and ordered conforma-
tions. Figures 2c-e are representative conformations of 2, 3
and 4 peptide aggregates, respectively.

These results lead us to the following question: why is the 4
peptide aggregate, the smallest, stable, ordered aggregate? To
answer this question, a few backbone(BB) dipole parameters
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were evaluated. The BB dipole order, and BB dipole moment
per residue of various aggregate conformations are depicted in
Figure 2a and 2b, respectively. The dipole moment and order
exhibit a sharp increase from an aggregate size of 2 to one of
size 4. Adding more layers of peptides to an aggregate of size
4 does not significantly increase the dipole order or moment
per residue. Specifically, the dipole moment can be considered
as a representative strength of the pseudo hydrogen bond net-
work. From Figure 2b, we see an increase in this strength up
to four layers of peptides, before leveling off at 4.5 D. That is,
there exists “cooperativity” in both dipole order and moment
with increase in aggregate size, that saturates at aggregate size
4. This cooperativity of pseudo hydrogen bonds or dipolar
interactions contributes to the stability of the four peptide ag-
gregate. Therefore, an aggregate of size 4 is the minimum
aggregate size with the highest dipole moment per residue.
This size coincides with previous studies that have identified a
nucleus size for aggregation between 3 and 4 peptides®>. Co-
operative effect of hydrogen bond networks in amyloid fibrils
has been previously studied using ab initio calculations. A
DFT study on peptide GNNQQNY from yeast prion Sup35,
also identified a nonlinear increase in energy per monomer, up
to 4 layers of peptide, before saturation?®. A similar effect
caused by side chain hydrogen bonding of polyQ aggregates
has also been observed 2.

Dipole energy, which is a measure of how aligned a dipole
vector is to the local electric field (E), given by expression
< —ﬁ.ﬁ > was also evaluated*”-%3. Figure S5a depicts the
dipole energy per peptide with respect to aggregate size, and
shows a linear increase in dipole energy with aggregate size
(a linear fit is shown in red). The observed linear increase is
due to the local electric field strength, which increases with
aggregate size. The angle between the backbone dipole vec-
tors and the local electric field is shown in Figure S5b. This
angle is a measure of the alignment between backbone dipole
vectors and the electric field. A decrease of this angle with ag-
gregate size is due to a better alignment with the local electric
field. It is interesting to note that this decrease in alignment
also saturates at an aggregate size of 4, thus revealing a co-
operative behavior consistent with dipole moment and dipole
order (Figures 2a and 2b).

3.2 Energetic Contributions and Role of Water

As shown in Figure 3, within 5ns, randomly distributed pep-
tides collapse into disordered aggregates with the formation
of a hydrophobic core for system V (12 peptides). This disor-
dered aggregate then rearranges to form either “fibril-like” or
“cross-f” like sheet structures. These results indicate a two-
step condensation-ordering mechanism, that has previously
been identified in simulations of AB;¢_25, AB25_35, prion pro-
tein Sup35 and capped polyalanine sequences '>#364, In this

p

Q‘. % t=25ns
,[{%J r—gr" ) < ._,.
t=0ns t=5ns .::3
L

Cero

e

t=25ns

Fig. 3 Observed aggregation mechanism for (GV )4 peptide in
water. Initial conformation of system V (12 peptides with backbone
representation) at Ons; disordered aggregate formed at around Sns.
Inset shows the presence of a hydrophobic core. Ordered aggregates
formed at 25ns adopt “cross-f” like (top) or “fibril-like” (bottom)
conformations. Cyan and purple beads correspond to backbone
representation of hydrophobic and neutral residues respectively.
Hydrophobic side chain beads shown in green.

mechanism, a disordered oligomeric aggregate structurally re-
organizes into ordered amyloid fibrils?’.

We take a closer look at peptide-peptide energetic contribu-
tions to identify the driving forces behind the aggregation pro-
cess. The time evolution of LJ hydrophobic side chain inter-
actions (red curve), backbone Coulombic interactions (black
curve), and total interpeptide energy (blue curve) for repre-
sentative trajectories are shown in Figures S6a-e, for different
peptide systems. These energies are normalized by the number
of peptides in the aggregate. These plots clearly indicate that
the initial conformation of randomly distributed peptides has
the highest energy (Figures S6c-¢), except in the 2 and 3 pep-
tide systems (Figures S6a-b), where the aggregates formed are
neither stable nor ordered. The transient nature of 2 and 3 pep-
tide aggregates is visible from the transitions seen in energy
values (Figures S6a-b). However, for the remaining systems,
the final aggregate is the conformation of lowest energy. It is
interesting to note that the trend followed by the total peptide-
peptide energy (blue curve) is similar to the Coulombic energy
(black curve) in systems II (3 peptides), III (4 peptides), IV (8
peptides) and V (12 pepdise), see Figures S6b-e. The Coulom-
bic energy displays the largest energy drop in these systems.
This drop in energy arises from backbone dipolar interactions,
or interpeptide hydrogen bonds. For systems III, IV and V (4,
8 and 12 peptides, see Figures S6¢c-¢), the Coulombic and to-
tal peptide energy decrease until 20ns, and remains constant
thereafter, till the final aggregate conformation is reached. A
comparison of representative hydrophobic side chain interac-
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tions for the above described systems are shown in Figure S6f.
For aggregates of size 8 and 12 (blue and black curves respec-
tively), the hydrophobic contribution is comparable and more
drastic than for smaller aggregates of size 2 (red), 3 (pink), and
4 (green). This is because the largest drop in hydrophobic LJ
energies is due to the formation of a hydrophobic core, which
is not formed in the case of smaller aggregates. A control run
of 12 peptide system V without dipoles, exhibits hydrophobic
collapse and results in disordered structures (discussed later).
Therefore, interpeptide hydrogen bonding plays a major role
in driving ordered structures. This is in agreement with many
studies that have suggested a larger role for backbone hydro-
gen bonding than hydrophobic interactions in amyloid fibril
aggregation !421:27:95  Gordon et.al. showed that replacing
two amide bonds of AB¢_o¢ with ester groups lacking amide
protons prevented aggregation, thus shedding light on the rel-
evance of backbone interpeptide hydrogen bonding, even for
a largely hydrophobic peptide.

We also looked at water expulsion from the first hydration
shell of hydrophobic side chain beads (N,,). In most of the tra-
jectories (63.5%), a large drop in N,, is observed prior to the
increase in pseudo-hydrogen bonds Ny, (Figure S10a). The
initial large drop in N,, signals a fast hydrophobic collapse of
the peptides into an amorphous aggregate. That is, water ex-
pulsion from the side chains precedes interpeptide backbone
hydrogen bonding. The observed process is similar to the pro-
posed two-step mechanism for amyloid formation by Thiru-
malai er.al®. In this proposed mechanism, akin to protein
crystallization, water expulsion from the hydrophobic core
occurs prior to conformational rearrangement. We observed
three other mechanisms, they are: (a) total coupling of wa-
ter expulsion with structural ordering. That is, there is an in-
crease in water expulsion (or decrease in N,,) with increase in
pseudo H-bond content with time; (b) partial and initial cou-
pling of water expulsion with structural ordering. There is an
increase in water expulsion with increase in pseudo H-bond
content only in the first few ns; and (c) stepwise water expul-
sion, which is observed when “fibril-like” conformations are
formed. There is an initial expulsion when the aggregate is
initially formed, and another when it becomes more ordered.
A detailed description of this mechanism can be found in the
supplementary material under the section Mechanisms of Wa-
ter Expulsion.

3.3 Effect of Water-Hydrophobic Liquid Interface

Figure 4 compares the conformational frequency between 12
peptide systems (a) in water (system V, blue bars), (b) in the
presence of a hydrophobic interface (system VI, green bars)
and (c) without dipolar particles (red bar). The presence of
a hydrophobic surface influences aggregation morphology by
shifting the conformational equilibrium. In water, two distinct

oJ g

0.6 Yh

7

Conformational
Frequency

0.4 % %
LY
0.2 5
0

Cross—beta like Extended Disorder

Fig. 4 Conformational frequency of 12 peptides system V (blue),
VI (green), and control system without dipolar particles in a water
environment (red). Representative conformations are shown as
insets, backbone beads represented in cyan (hydrophobic residue)
and purple (neutral residue). Hydrophobic side chain beads shown
in green.

types of conformations are seen, (a) a cross-f3 like conforma-
tion with a frequency of 0.6, and (b) an extended fibril-like
conformation, with a frequency of 0.1. Both conformations
are seen with 12 and 8 peptides. Studies on Af3;_40 show that
within 6-10 monomer chains, cross-f like order is seen 67 The
“fibril-like”” conformation is more water exposed (red curve in
Figure S2b) than the “cross-f-like” conformation (blue curve
in Figure S2b), as evident from the RDF between water and
hydrophobic side chains beads. We refer to the dominant
closed conformations as “cross-f-like” as they are a pair of
ordered -sheets with side chains of the two sheets interdigi-
tated in a dry hydrophobic core (see Figure S7d, Figure 3 and
Figure 6)%89_ These structures are similar to the MVGGVV
microstructure crystallized by Eisenberg’s group’°.

With the presence of a hydrophobic surface there is a con-
formational shift to “fibril-like” structures, with the hydropho-
bic beads partitioning into the hexadecane phase (Figure 7c).
The frequency of ordered, extended conformations in the pres-
ence of an interface is 0.8. Another important feature is the
decrease in disordered conformations by about 10% in the
biphasic system compared to bulk water. The disordered con-
formations seen at the interface are smaller in size, consist-
ing of 3 or less peptides, as the peptides can interact with
two water-hexadecane interfaces (see Figures S1). Partition-
ing of valine or hydrophobic residues into hexadecane restricts
or constrains the peptides to two dimensions. This restriction
increases the probability of peptides colliding as the local con-
centration increases, which can in turn lead to an increase in
peptide-peptide hydrogen bonds and hence, aggregation. In-
sets in Figure 4 show representative conformations.

Figure S7a shows the difference in order parameter P2 for
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Fig. 5 Time evolution of the fraction of different species in 12
peptides system (a) VI and (b) V. Green represents monomer
fraction; blue, intermediate aggregate fraction, pink is a negative
exponential fit and red, ordered aggregate conformation. (c)
Representative pathway for ordered aggregate formation at
hydrophobic-water interface, monomers [M] form ordered
aggregates [O] with shortly lived intermediates. (d) Representative
pathway for ordered aggregate formation in explicit water,
monomers [M] form intermediate aggregates [I] which rearrange to
form ordered conformation [O].

aggregates in water ((P2)=0.48) and in the presence of an in-
terface ((P2)=0.65). The “fibril-like” conformations seen in
water are slightly more ordered ({P2)=0.52, red point in Fig-
ure S7a) than the average, however, the presence of an inter-
face results in a significant increase in P2 values. Surface ad-
sorption of the peptide enhances order, as has also been ob-
served in atomistic studies of (GV)43¢71:72. The presence of
a surface can lower the entropic penalty to form an ordered
state. As shown in Figure S7b, Figure S12 the fibril-like con-
formations, both in water and at interface, exhibits Pauling and
Corey’s a-sheet structure >, All the negatively charged dipole
particles are oriented on one side of the sheet, with all the op-
positely charged ones aligned on the other side, as shown in
Figure S7b. The alignment of the dipoles is denoted by green
arrows in Figure S7b. This distribution of partial charges from
the peptide backbone, creates a distinct molecular dipole. o-
sheets or “polar pleated sheets” have not received much at-
tention since it is rare in crystal structures. However, recent
studies suggest the possible involvement of a-sheets in early
stages of amyloidosis 747>,

3.4 Kinetics and Mechanism of Aggregation

A comparison of kinetic properties of aggregation in water and
the more probable aggregation pathway in biphasic systems is
depicted in Figures 5a-b (another set of trajectories is repre-
sented in Figure S8). Based on the insets of Figures 8a-b (red

curves), the “lag phase” which precedes ordered aggregation
is more prominent in water (= 3ns) than in the presence of an
interface (= 1ns). In water, the monomers (M) (green curve)
aggregate to form an intermediate disordered state (I) (blue
curve), which after 25ns, reorganizes to form ordered sheets
(O) (red curve). Representative conformations are shown in
Figure 5d. Whereas, when the water-hexadecane surface is
present, the monomers form sheets in less than 10ns (see red
curve). Even though there is an intermediate conformation
present, as expected from Figure S12, this state is short lived
in comparison to the intermediate conformation observed in
water (see blue curve of Figure 5a inset). The nature of the
ordered fraction curves (red) is more exponential in the bipha-
sic system (negative exponential fit shown in pink in Figure
5a) than in water, implying a more cooperative process. Rep-
resentative conformations are shown in Figure 5c, note the
“a-sheet” like final conformation. Thus the presence of the
water-hydrophobic interface, aids or accelerates the rate of
sheet formation, relative to water, as has been observed ex-
perimentally 7.

At 300K, we see unidirectional progression of aggregation,
thus the mechanism is downhill. As one might expect, or-
dered aggregation is dependent on temperature. Figure SO
represents average (over 8 runs) monomer (green curve), dis-
ordered aggregate (blue curve) and ordered aggregate (red
curve) fraction at different temperatures of system V. Aggre-
gates formed are stable and ordered till 350K. This is consis-
tent with other simulation results that show a range of temper-
atures over which fibrils are formed7”-’8. However, on further
increase in temperature, the probability of observing ordered
aggregates drops, and is 0 at 400K, with 375K being the tran-
sition temperature. At high temperatures, the probability of

observing stable aggregates drops”.

Figure S9a and b represent kinetic properties of aggrega-
tion in water (solid lines) and at interface (dashed lines), for
polyG octapeptides (Figure S9a) and polyV octapeptides (Fig-
ure S9b). In the case of polyG, the monomer fraction stays at 1
throughout the 100ns simulation (green curve in Figure S9a).
Therefore, polyG octapeptides do not aggregate in water as
backbone dipoles of glycine residues prefers to interact with
water. Since glycines are neutral, when a hydrophobic inter-
face is present the peptides do not partition to the hydrophobic
interface, and hence do not aggregate at the interface either. In
the case of polyV octapeptides in water, a disordered aggre-
gate is formed within the first 10ns (blue solid curve in Fig-
ure S9b), however, the fraction of ordered aggregate (red solid
curve in Figure S9b) does not significantly increase with time
and converge at a fraction of 0.23. For polyV octapeptides
at the interface, there is partitioning of the hydrophobic side
chains within the first few ns, and the peptides diffuse to form
fully ordered conformations within the first 20ns (dashed red
curve in Figure S9b). This behavior of polyV octapeptides at




Physical Chemistry Chemical Physics

100

50 0
Time (ns) Time (ns)

Fig. 6 Representative conformations of 12 peptides system (a) VI
and (b) V without dipolar particles. Cyan and purple beads
correspond to backbone representation of hydrophobic and neutral
residues respectively. Hydrophobic side chain shown in green. (c)
Partitioning of hydrophobic side chain beads (green) to the
hexadecane phase (cyan) for system VI with dipolar interactions.
Peptide backbone shown in black. Time evolution of the fraction of
different species, using the backbone distance cutoff in (d) system
VI (dashed lines) and system V (solid lines) without dipolar
particles, and (e) system VI (dashed lines) and V (solid lines) with
dipole particles. Green represents monomer fraction, blue,
intermediate aggregate fraction and, red, ordered aggregate.

interface is similar to that of GV 4.

3.5 Role of Dipole Interactions

To further investigate the role of dipolar interactions, systems
V and VI (12 peptides system with and without interface, re-
spectively) were simulated without dipolar particles. In water,
the peptides aggregate due to the hydrophobic effect, however,
the aggregates are disordered owing to a lack of pseudo inter-
peptide H-bonds. A representative collapsed conformation is
shown in Figure 6b. To quantify the aggregation pathway, we
estimate kinetic parameters using backbone bead cutoffs (see
Methods section). This cutoff is defined because the control
systems do not have dipole particles, and hence lack interpep-
tide pseudo hydrogen bonds.

As can be seen from Figure 6d, the monomers (solid
green curve) interact to form disordered aggregates (solid blue
curve). Since there are no dipolar interactions, there is no or-
der in the aggregate. The ordered conformational fraction re-
mains at 0 (solid red curve). To compare this control run with
system V, the same criteria, and cutoff is applied to a rep-
resentative replicate where dipole interactions are taken into
account. Figure 6e (solid curves) displays a similar trend as
seen in Figure 6b (discussed above) for the bulk water envi-
ronment. That is, the monomers aggregate within a few ns to
form a disordered aggregate, which in turn rearranges to form
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Fig. 7 PMF as a function of the peptide aggregate radius of gyration
(Rg). PMF for peptides with dipoles (a) in explicit water and (b) at
the interface; and peptide aggregates without dipoles (c) in explicit
water and (d) at the interface. All represented ensembles obtained at
300K.

ordered aggregates after 25ns.

In the presence of an interface, the peptides(without dipolar
interactions) get adsorbed to the surface, due to partitioning
of hydrophobic side chains. Representative conformations are
shown in Figures 6a and 6¢. However, due to the lack of in-
terpeptide dipole interactions, the peptides do not aggregate on
the interface, and are free to diffuse individually. Since the hy-
drophobic side chain can partition to hexadecane, the entropy
is driving the peptides to not aggregate. Based on this, we con-
clude that at hydrophobic interfaces, the major driving force
for peptide aggregation is dipolar interactions, which in our
model mimics hydrogen bonding. Figure 6d (dashed lines),
further elucidates this point. The monomer fraction (green
dashed curve) decreases as the peptides aggregate and reach
the interface, however, there is an increase soon after 5ns (see
inset of Figure 6d). This is due to the fact that the monomers
without dipolar particles, on reaching the interface, are free
to diffuse. Since the hydrophobic side chains remain buried in
hexadecane there is no other driving force to keep the peptides
aggregated. Whereas, system VI, that contains dipolar inter-
actions (see Figure 6e), forms an ordered aggregate (dashed
red line) within the first 10ns.

To further quantify these processes, we looked at PMF (W)
of peptide aggregates with respect to R,. Figures 7a-b repre-
sents PMF of systems with dipoles in water and at the inter-
face, respectively. Both these systems display clear minima
for lower values of Rg (Rg <1nm), which correspond to or-
dered aggregates. These curves also display a sigmoidal trend,
consistent with cooperative processes. Figures 7c-d represents
PMF of systems without dipoles in water and at the interface
respectively. Figure 7c clearly shows a minimum correspond-
ing to the aggregated state (Rg <1nm), this corresponds to the
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disordered state originating from a hydrophobic collapse (see
Figure 6b). Whereas, Figure 7d shows a minimum for states
with larger Rg (Rg >1.5nm), as these peptides do not form
aggregates (see Figure 6a).

4 Conclusion

In this study, we have used WEPPROM to study peptide ag-
gregation of (GV )4 octapeptides. Many of our results are con-
current with all-atom aggregation studies on (GV)4. For ex-
ample, in all-atom studies, kinetics and mechanism of aggre-
gation at biphasic interfaces (octane-water) are observed to be
different than in aqueous solvent3®. The preliminary step for
B-sheet formation at octane-water interfaces is also the initial
partitioning of non-polar side chains. The adsorbed peptides
diffuse in 2D before forming intermolecular hydrogen bonds,
that brings order to the aggregates. Both hairpin-like and fully
extended conformations are observed on the interface and in
water. All of which are observed in our study. However, in
atomistic studies, not all peptides that adsorb to the surface
form aggregates. This is due to a time lag in peptide diffu-
sion as all-atom studies are limited by time scale. From our
CG studies, we have been able to observe a difference in bal-
ance between hydrophobic and backbone dipole-dipole inter-
actions, between amphipathic aggregating peptides in water
and at a hydrophobic interface. The dipole interactions plays
a more significant role in driving aggregation at interface.

We observe a cooperative effect in interpeptide pseudo hy-
drogen bonding with aggregate size, that stabilizes at aggre-
gate size 4. That is, the backbone dipole moment and order
increases non-linearly up to 4 layers and then levels off. These
dipole interactions, within the 3-strands are cooperative, with
contributions from several layers away within the ordered ag-
gregate. The backbone dipoles get aligned with the aggregate
electric field up to 4 peptide layers, where it levels off at 40
degrees. That is, the tetrameric GV4 species is the smallest,
stable aggregate that has the highest backbone dipole moment.
Studies on Amyloid-f oligomers, have also identified trimeric
and tetrameric species to be stable, long-lived oligomers that
might play a role in aetiology of the disease 38!,

The process of (GV)4 aggregation in water mostly follows
a two step condensation-ordering mechanism, however other
pathways of water expulsion are observed. Disordered ag-
gregate conformations are observed with poly-valine octapep-
tides in water, suggesting the influence of sequence patterning
in ordered aggregation. Without dipolar interactions, the dis-
ordered aggregate does not rearrange into a fibril-like ordered
conformation. . Therefore, a balance between hydrophobicity
and dipolar interactions is needed to fold correctly*’, or to self
assemble into fibril like aggregates. This balance was achieved
while parameterizing WEPPROM*’, where too much or too
less hydrophobicity resulted in collapsed or unfolded peptide

conformations. The aggregation pathway in water exhibits
two major off-pathway ordered aggregates, cross-f3 type and
extended fibril-like structures. The extended fibril-like struc-
ture exhibits a water solvated hydrophobic face. The forma-
tion of the pseudo H-bond network in this structure compen-
sates for the exposure of the hydrophobic groups to the water
environment.

On comparison with aggregation at hydrophobic-
hydrophilic interfaces, we observe that the presence of
an interface (a) increases order in the final aggregate con-
formations, (b) decrease disordered conformations explored
by the trajectory and (c) increases rate of aggregation; as the
aggregates better align with the local electric field. On char-
acterizing the angle between the dipole moment vectors and
the local electric field for aggregates formed on the interface,
a higher alignment of 6 ~ 30+ 5° is observed (compared to
Figure S5b in water). When the interface is present, there
is backbone dehydration, leading to more stronger dipole
interactions, and hence better alignment with the local electric
field. With the interface, there is less competition to form
dipole-dipole interactions between backbone beads and the
solvent which can introduce distortions into the pseudo H-
bond network that can cause a decrease in order. The presence
of a hydrophobic-hydrophilic interface also decreases the lag
phase, or the time period before the formation of ordered
aggregates. Also, the kinetics of aggregation is also more
exponential or cooperative in nature when the interface is
present. While fibril-like aggregates dominate conformations
seen at the interface, cross-f-like conformations are more
probable in the aqueous environment, however, fibril-like
conformations in the aqueous environment is also observed.
We see the formation of a-sheet like structures in all ordered
fibril-like

Dipolar interactions play a crucial role in peptide aggrega-
tion, irrespective of environment. The presence of dipoles,
both (a) stabilizes the aggregate and (b) induces order, which
is made clear in this study by drawing comparisons between
systems with and without dipolar particles. For peptides with-
out dipolar particles, ordered aggregates are not observed in
aqueous solvent and the peptides do not assemble or aggre-
gate at the hydrophobic interface due to the lack of a driving
force. The balance between hydrophobicity and dipolar in-
teractions are different for aggregating peptides in water and
at the hydrophobic interfaces. Hydrophobic interactions be-
tween peptides is lesser at the hydrophobic-hydrophilic inter-
face, thus dipolar interactions play a more significant role in
ordered aggregation at those interfaces. Our lab is currently
working on studying other peptides, and membrane mediated
peptide folding and aggregation.
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