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ABSTRACT: The interaction between -synuclein ( -syn) and
synaptic vesicles (SVs) plays an important role in the life cycle of

-syn, and a disruption of it could lead to numerous neuro-
degenerative diseases. The N-terminal of -syn ( rst 15 residues)
has been shown to recapitulate the association dynamics of -syn
to the bilayer in various studies. This manuscript presents an
extensive all-atom molecular dynamics studies (close to 100 s) of
the interaction between the N-terminal of -syn and a lipid bilayer
that mimics the SV under physiological conditions. The research
demonstrates  -syn’s overwhelming binding preference to the
outer lea et of the SV, which carries a net negative charge as
compared to the neutral inner lea et. Further structural analysis
reveals that the Coulombic interaction between the positively
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charged residues of -syn and the negatively charged lipid surface is the driving force of the binding, but has a potential of hindering

the con gurational change of

facilitates protein folding.

1. INTRODUCTION

The formation of insoluble intracellular protein aggregates by
the assembly of initially monomeric protein into highly
ordered -sheet-rich bers known as amyloids has been
associated with a growing family of neurodegenerative diseases.
For example, the well-known Parkinson’s disease (PD) is
attributed to the aggregation of a 140-residue presynaptic
vesicle-binding protein, -synuclein ( -syn)." ® An  -syn
monomer contains three regions (shown in Figure 1) with
both distinct composition and function: (1) an amphipathic N-
terminal region (residues 1 60)%™ of high -helical
propensity, believed to be responsible for membrane
sensing;***° (2) a non-amyloid- component (NAC) region
(residues 61 95),“*** composed of nonpolar side chains and
has been identi ed to play an important role in -syn
aggregation and toxicity;*'* and (3) an unstructured C-
terminal region® (residues 95 140) including 14 acidic
residues that have been hypothesized to cause reduced
inter brillar contacts."*? *” When unbound to a membrane,
-syn remains as an intrinsically disordered protein.#®***
However, upon association with a membrane, -syn could
adopt either two antiparallel amg)hipathic helices or a single
extended amphipathic helix.>*® 2° Because of mutations of the
synuclein  (SNCA) gene or other pathological conditions,*#*
-syn aggregates into partially structured oligomers and
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-syn. In addition, metadynamics simulations are carried out to investigate the folding of the N-
terminal of -syn in the presence and absence of the lipid bilayer, and the result con rms that the

-syn/membrane association

eventually self-assembles into high!ﬁy ordered amyloid brils
exhibiting a cross -sheet structure.>*#?? PD is pathologically
characterized by the deposition of such amyloid brils (also
known as Lewy bodies) in the substantia nigra of the brain.?

The conformational features of -syn monomers have been
studied extensively in vitro. For example, NMR and circular
dichroism spectroscopy have been used to identify the
secondary structure of monomeric -syn bound to mimetic
detergent micelles,”® small unilamellar vesicles,**® and
phospholipid bilayer nanodiscs (NDs).* In addition, these
experiments have also revealed essential residue-deg)endent
interactions involved in  -syn membrane association.> ?’ For
example, a solid-state NMR study found that the availability of

-syn’s N-terminal dictates whether toxic -syn oligomers
perturb biological membranes and disrupt cellular function.?®
More speci cally, it was reported that changes in the N-
terminal such as the introduction of speci ¢ mutations (i.e.,
A30P)?° or truncations (i, residues 2 9)?® suppress the
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Figure 1. lllustration of -syn (in the form of two antiparallel amphipathic helices) bound to the synaptic vesicle (SV). The red, green, and blue
regions are the amphipathic N-terminal region, an NAC region, and an unstructured C-terminal region, respectively. The negatively charged lipids
[1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)] are colored pink, the remainder of the lipids is colored blue, and the phosphorus is colored
green. Farthest to the right displays the three lipids that compose the membrane.

membrane a nity of the protein. Fluorescence and neutron
re ectometry measurements have also con rmed the impor-
tance of the rst 15 residues of -syn, which nearly recapture
the features of the full-length protein (i.e., partition constants,
molecular mobility, and insertion of the fourth residue into the
bilayer).'® Taken together, there is strong evidence to suggest
that the N-terminal of -syn (ie, rst 15 residues) is a key
factor in membrane recognition and binding. In addition to the
aforementioned experimental methods, in silico studies have
been used to simulate and model the interaction between -
syn and the membrane. Molecular dynamics (MD) simulations
are one of the most commonly used in silico methods for their
ability to provide interaction details at an atomistic level. It
should be noted that although there are studies that utilize all-
atom MD,**?* only peptides with a limited number of residues
are modeled the full-length -syn and membrane would be
infeasible. Furthermore, the time scale of all-atom MD is not
nearly long enough to capture the con guration change of -
syn (eg., folding, aggregation, etc.), aIthou%h some enhanced
sampling techniques have been applied.”® ** For example, Wu
et al. have employed replica exchange MD to elucidate
experimental NMR spectroscopy data and to understand how
di erent pH values (thus changing the protonation states of -
syn) alters the dynamics of -syn’s interaction with the
membrane and a ects its aggregation.** Additionally, coarse-
grained models (e.g., MARTINI®*> and PACE®®) have been
used to model -syn/ -syn interaction both with and without
the presence of the membrane.®**® Such systems have
characterized structural ensembles of both wild-type and
mutant monomeric  -syn, revealing that disease-prone
mutations (namelg, A30P and A53T) accelerate the
aggregation process.”

Because of -syn’s intrinsically disordered nature and
therefore large conformational exibility, the exact mechanism
of amyloid bril formation remains controversial. However,
there is a consensus that the interaction between the
membrane and -syn, possibly through the recognition of
the N-terminal residues, plays an essential role in the
regulation of -syn, and a disruption of it could potentially
lead to the formation of oligomers that disrupt membranes and
induce neuronal toxicity.""?%?°*¢ Recently, Lee et al. have

investigated the interaction between -syn and zwitterionic
lipids and found that the membrane binding and amyloid
formation trended with the lipid order: -syn preferentially
binds to ordered (gel-like) membranes, while retaining a
helical structure.* By employing lipid bilayers of various tail
lengths (and therefore di erent phases) of anionic phospha-
tidylserine (PS) lipids, Galvagnion et al. studied the interpla);
between the length of the lipid and the properties of -syn.*
Their research demonstrated that -syn displayed a high
binding and low aggregation propensity for lipids commonly
found in SVs [i.e., 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS) and DOPS], whereas short-tailed anionic Iig)ids
displayed both high binding and aggregation propensity.®’ In
the same vein, Viennet et al. explored the interaction of -syn
with both homogeneous and heterogeneous membrane NDs
composed of anionic and zwitterionic lipids, and their result
reinforced the important role that anionic lipids play in -syn
binding.* Upon increasing the ratio of the negatively charged
lipids, a gradually increasing bilayer interaction with -syn was
observed.”* Additionally, a small series of MD simulations were
run to complement the NMR data and to demonstrate the
rearrangement of the lysine side chains as -syn transits from
the unbound conformation to the bound conformation in the
presence of negatively charged lipids (i.e., exposed and
symmetric distribution of lysine residues along the helical
axis of the protein). Thus, in spite of the disparity in
membrane compositions and methodologies, all of these
experiments suggest that the structural and physicochemical
states of the membrane play an essential role in its binding of

-syn.l’2'24'29'37 41

This manuscript presents a fundamental research of the
mechanism of -syn’s association to the membrane with all-
atom MD simulations with two focuses: (1) the mechanism of
the recognition between the -syn and an SV-like membrane
and (2) the mechanism of the consequential conformation
changes of the -syn after it binds to the membrane. Extensive
MD simulations, including MD with enhanced sampling, are
performed to tackle these questions. This research highlights a
bilayer that mimics the SV lipid composition under
physiochemical conditions, including an anionic lipid, zwitter-
ionic lipids, and cholesterol.»***“* Limited by the temporal

https://dx.doi.org/10.1021/acs.jpcb.0c08620
J. Phys. Chem. B XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08620?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

scale of the simulation (a total of 84 s) and the limit of
computation capacity, only the rst 15 residues
(MDVFMKGLSKAKEGV) of -syn (referred to as “the
peptide” in this manuscript) are included to mimic the N-
terminal in the simulation. This decision compromises the
representativity of the simulation for its absence of the full-
length -syn but is carefully made as numerous'***“° studies
have reported that the rst 15 residues are adequate to
recapture the capability of full-length -syn in both initial
recognition and further forming an amphipathic helix upon
binding to the membrane. The result of the simulations
suggests that -syn strongly prefers to recognize the anionic
lea et of the SV-like membrane (i.e, mimicking the outer
lea et of the SV) over the zwitterionic lea et (i.e., mimicking
the inner lea et of the SV), although the former shows a
potential of inhibiting further conformation change (ie,
folding to -helix). This research sheds light on the mechanism
of this important interaction between -syn and the lipid
bilayer that is responsible for neurodegenerative diseases such
as PD.

2. METHODS

2.1. Composition of the MD System. As stated in the
previous section, the rst 15 residues of -syn (PDB code
1XQ8)* are used to mimic the N-terminal of -syn in the
present simulations. In accordance with the experiment from
Lee et al.’ the rst residue is capped with an acetyl group,
which is believed to be the physiologically relevant form of -
syn and further enhances its membrane binding capability. The
membrane composition was determined in accordance with
recent lipidomics studies of SVs, which are summarized as: (1)
the molar ratio of cholesterol to phospholipid has been found
to be about 1 (cholesterol)/2 (phospholipid) or greater.*?“°
(2) The three most predominant types of phospholipid
molecules in an SV are phosphatidylcholine (PC), PS, and
phosphatidylethanolamine (PE).***" (3) Most lipids in the
species of PC are reported as 16:0/18:1, indicating 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine  (POPC) to be
predominant.*? (4) Most lipids in the species of PE and PS
are long and highly unsaturated (i.e., degree of unsaturation >4
such as 20:4/20:4).** This last point presents a challenge to
the MD simulation, as these long and highly unsaturated PE
and PS lipid molecules are not available in the current
CHARMM36m“® force eld. Therefore, 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine (DOPE, 18:1) and DOPS (18:1)
have been employed to represent these PE and PS species,
respectively. Experiments have also suggested that -syn is
more prone to aggregation in the presence of shorter
lipids,**" indicating that this choice might also increase the
propensity of the binding between the peptide and the SV-like
membrane. Currently, the lipid composition of human SVs
remains largely unknown.*®*° Thus, it is important to note that
although PD and Lewy body dementias are primarily human
disorders, the majority of animal studies of PD published since
1990 have involved rodents (rats in particular).”* This is
primarily due to their susceptibility to PD-like symptoms and
to develop -syn aggregates in nigral neurons.*> ** In the
absence of the human SV composition, rodent SVs are the
most suitable for the study of -syn folding and aggregation.
After considering the aforementioned factors, the top lea et
(whose composition mimics the outer surface of the SV) is
chosen to be a 3:4:1:4 (molar ratio) mixture of DOPS, DOPE,
POPC, and CHOL, respectively, whereas the bottom lea et

(whose composition mimics the inner surface of the SV) is
composed of a 1:7:4 (molar ratio) mixture of DOPE, POPC,
and CHOL, respectively. The total ratio of PS, PE, PC, and
CHOL of the SV-like membrane is 3:5:8:8, which closely
resembles the composition of lipids and cholesterol of a
physiological SV and to those used in previous stud-
ies. 24355 57 Ag a result of the PS lipids (see Figure 1) in
the proposed composition, the top lea et contains a net
negative charge and will be referred to as “the anionic lea et”
in this manuscript. In contrast, the bottom lea et is charge-
neutral and will be referred to as “the zwitterionic lea et”. An
illustration of these two systems is depicted in Figure 2. It

Figure 2. lllustrations of the lipid bilayers employed in this research.
The neutral molecules (DOPE, POPC, and CHOL) are colored cyan,
and the negatively charged DOPS is colored purple. The top is the
anionic lea et, and the bottom is the zwitterionic lea et. Phosphorus
atoms are shown with green beads. The inserted gure demonstrates
representative initial con gurations of the peptide/anionic system
(top) and the peptide/zwitterionic system (bottom). The rst 15
residues of -syn are employed to mimic the N-terminal, and the rst
3 residues are colored orange.

should also be noted that even though the membrane model in
our study is still a simpli ed model (e.g., lack of curvature) of
the SV under physiological conditions, it has been largely
improved from previous in silico studies of protein lipid
interactions where the composition and the asymmetry of the
bilayer severely lack physiological relevance.’%>° ©*

Several sets of MD simulations are carried out to investigate
the interaction between the peptide (residues 1 15 of -syn)
and lipid bilayer representing the SV surface. The rst set is to
verify that the peptide indeed stays in a random coil in the
absence of the lipid bilayer with the current setting (force eld,
MD parameters, etc.). This set (named the “peptide/water”
system) is made of ve replicas (1.6 s per replicag of one
peptide in a random coil solvated with 18169 TIP3P"* waters
molecules (dimension: 8.1 x 8.1 x 8.1 nm®). To investigate
the process of initial recognition, one peptide in a random coil
is put close to the aforementioned lipid bilayer made of 72
lipids and 36 cholesterols per lea et. They are solvated with
10460 TIP3P waters (dimension: 7.2 x 7.2 x 10.4 nm®). The
initial con gurations of this system are divided into two
di erent sets: (1) 20 replicas (1.6 s per replica) of one
peptide in a random coil located 1 nm above the anionic
lea et (the “peptide/anionic” system, see the top inserted

gure of Figure 2) and (2) 20 replicas (1.6 s per replica) of
one peptide in a random coil located 1 nm below the

https://dx.doi.org/10.1021/acs.jpcb.0c08620
J. Phys. Chem. B XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08620?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08620?ref=pdf

The Journal of Physical Chemistry B pubs.acs.org/JPCB
Table 1. Summary of the Simulations
simulation time () #rep. atoms thermostat barostat constraints program
peptide/water 16 5 54,958 Langevin™® MonteCarlo™ SETTLE®® AMBER
peptide/zwitterionic 16 20 56,019 Langevin MonteCarlo SETTLE AMBER
peptide/anionic 16 20 56,019 Langevin MonteCarlo SETTLE AMBER
metad/water 08 7 35,070 Nose-Hoover®! Parrinello-Rahman® LINCS® GROMACS
metad/lipid 12 7 56,019 Nose Hoover Parrinello-Rahman LINCS GROMACS

zwitterionic lea et (the “peptide/zwitterionic” system, see the
bottom inserted gure of Figure 2). The peptide is introduced
to the system after the properties of the lipid bilayer have been
properly equilibrated, replacing the corresponding water
molecules. The orientation of the peptide relative to the
bilayer is xed for each system at the beginning of the
simulation. With periodic boundary conditions, the peptide
can transit from interacting with one side of the lea et to the
opposite side without permeating through the membrane. The
goal of these two sets of simulations is to study whether there
exists a preferred surface (as a result of the lipid composition)
for the peptide to recognize and what residues are responsible
for this recognition. To investigate the conformational change
in the peptide after it binds to the membrane, two sets of
metadynamics (MetaD)®** simulations are carried out. The

rst set is identical to the previous “peptide/anionic” system,
except the fact that the peptide is already bound to the anionic
surface (justi cation provided in the Result section) and will
be referred to as the “metad/lipid” system. The second set is to
apply MetaD on the “peptide/water” system and will be
referred to as the “metad/water” system. Both sets of
simulations calculate the potential of mean forces (PMFs) of
the folding of the peptide to unravel the di erences introduced
by the presence/absence of a lipid bilayer. Each set consists of
seven replicas of 1.0 s. All ve sets of simulations
(summarized in Table 1) in this manuscript include 0.15 M
KCI including counterions when necessary. Although NaCl is
more commonly used than KCI as counterions in MD
biophysical simulations, the decision to use KCI is because
of K* being the most abundant cation within the nerve cell
intracellular uid, whereas Na* is the most abundant cation in
the extracellular uid.®> ° Ideally, in the case of an SV, the
counterions and ionic environment should be prepared to
represent this di erence, that is, NaCl for the inner SV lea et
and KCI for the outer lea et because SV is recycled within the
neuron.’® However, because of the periodic boundary
condition, this setting is not possible as both Na* and K*
will traverse freely across the boundary. In addition, Na* has
been documented to suppress the binding of -syn to anionic
lipid surfaces®®’ and thus potentially prolonging the
simulations, while this e ect is unclear for KCI.

2.2. Details of MD Simulations. The initial structures of
all sets of simulations are generated with the CHARMM-GUI
membrane builder.”* They are equilibrated before the
production run following regular MD convention: after the
initial minimization, several (three without the lipid bilayer and
six with the lipid bilayer) stages of equilibration that
systematically increase the integration step and decrease the
restrains on protein and/or lipid molecules are carried out.
Thermostats are applied to the peptide, water, and lipids (if
applicable) separately at 310 K, along with barostats to
maintain the pressure of the system to be isotopically 1.0 bar
(semi-isotopically for the system with lipid bilayers). The
cuto distance for the short-range nonbonded interactions was

1.2 nm, with electrostatic interactions calculated using the
particle-mesh Ewald method.”> Commonly adapted bonds
constraints are applied to all the simulations as well.

The unbiased MD simulations (5 replicas of the “peptide/
water”, 20 replicas of the “peptide/anionic” system, and 20
replicas of the “peptide/zwitterionic” system) consist of 45
simulations of 1.6 s each, and the metadynamics simulations
(i.e.,, the “metad/lipid” system and the “metad/water” system)
consist of 14 simulations with an average of 1.0 s each. The
total MD simulation time reported in this manuscript exceeds
86 s. We note that the unbiased simulations are carried out
with AMBER18,”® while the metadynamics simulations (seven
replicas of the “metad/water” and seven replicas of the
“metad/lipid”) are carried out with GROMACS-2019.1"+"
patched with PLUMED2.7.0.”° This decision was made for the
e ciency of the simulations: for a large number of unbiased
simulations, AMBER18 is ideal as each simulation could be t
into one GPU card (RTX2080Ti) with hardly any load on the
CPUs; thus, a computer node is able to t as many jobs as the
number of GPU cards in the node. This option is not available
for the metadynamics simulations, as the metadynamics
algorithm is implemented with PLUMED2, a CPU-based
enhanced sampling software package. Unfortunately, there is
no stable release of PLUMED?2 for AMBER18 at the moment.
Therefore, GROMACS/PLUMED? is adapted for a better
balance between the load of GPUs and CPUs. Di erent MD
programs inevitably introduce di erences in handling thermo-
stats, barostats, and bond constraints, as summarized in the
Table 1. It should also be mentioned that the results from the
AMBER and GROMACS agree quite well with negligible
di erences in computed thermodynamic quantities.”” Never-
theless, it is important to emphasize that there is no cross
comparison between the results from two di erent MD
programs: as stated in the previous section, the unbiased
simulations (ie., the “peptide/water”, the “peptide/zwitter-
ionic”, and the “peptide/zwitterionic” system) are designated
to study the initial recognition between the peptide and the
bilayer, while the biased simulations (i.e., the “metad/lipid”
system and the “metad/water” system) are designated to study
the folding of the peptide upon binding to the bilayer. The
conclusions from these simulations are made independently,
although they are cohesive and together unravel the mystery of
the interaction between the peptide and the SV-like lea et.

2.3. Metadynamics. Metadynamics (MetaD) is an
enhanced sampling method that eliminates metastability and
reconstructs the free energy surface of a complex system. This
is achieved by adding a history-dependent bias potential to the
Hamiltonian of the system. The bias potential acts through a
select number (e.g., n) of collective variables (CV),

S(t) = SCV{ }, CV4}, ..., C\ () 5, for which CVi(t)
is transformed from the coordinates of the system of N atoms
attime t, Q(f) 5™, through a function s;, that is, CV;(t) =
5i(Q(t)). The transition of the system in the CV space
describes the event of interest. The time evolution of the
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Figure 3. lllustrations of the interaction between the peptide and the lipid bilayer. (A) The simulation starts with the peptide in water and 1 nm
away from the bilayer. As soon as there are three or more residues inserted into the lipid surface, the peptide is considered as “recognized”. Two
representative con gurations are shown in (B,C). The recognition process consists of two distinct mechanisms: initiated by the insertion of MET-1
(B) and initiated by the insertion of LEU-8 (C). If the peptide stays “recognized” for the last 0.8 s of the simulation, it is considered to have
“bound” to the bilayer. Some of the bound peptides transit into a partially folded state (D).

system S(t) is evaluated as the MetaD simulation goes on. A
Gaussian-shaped bias is added to the Hamiltonian of the
system every (a short time interval), and the jth is centered at

S(j) = (CVL]), CVL D), ., CY( )

=((Q@ ¢ QN Q) (@)
As a result, the system at time t (eg, (k 1) t<k)
experiences the bias potential given by
V(L ) = w
1§t
n . = 2
eXF’E (KaD) S 6 QN i
i=1 2 0)

where Vg (S(t),t) is the history-dependent bias potential
constructed as a sum of the Gaussian-shaped bias potentials
(with the heights and widths of w and ;, respectively) in the n-
dimensional CV space. The bias energy is expected to enhance
the exploration of the system by discouraging its revisitation to
the already-sampled regions (e.g., avoid being trapped by local
minimums). After some time tp, Vg(S(t),t) will eventually
0 set the underlying free energy surface, making the system
move in the CV space in a di usive fashion.®*®* The estimate
of the PMFs (G) of the system is the time average of
V(S(t),t) overt  t,.% Each of the seven MetaD simulations

in the metad/lipid set and metad/water set (see Table 1)
produce one PMF, and they are averaged over to generate the
PMFs of the folding of the peptide in the lipid and water,
respectively.

The CVs employed in MetaD should distinguish the folded
peptide (i.e, -helix) and unstructured peptide (i.e., random
coil). There are many di erent choices of CVs to represent
peptide folding, and extensive research has shown that optimal
CVs vary from system to system.®® % Di erent combinations
of candidate CVs, such as the root mean square deviation
(rmsd),*® the radius of gyration of the backbone,” and the
number of intramolecular hydrogen bonds (ng), have been
tested. The combination of rmsd and n,g is selected for its best
e ciency in accelerating the folding/unfolding of the peptide
in this research. The rmsd in our simulation is de ned as the
average displacement of residues 5 12 between the instanta-
neous con guration from the MetaD simulation and an
equilibrated  -helix, after these two con gurations are
maximally overlapped by translation and center of mass
(COM) rotation. The number of hydrogen bonds (nyg) is
detected between atom i (backbone amide hydrogens) and
atom j (backbone carbonyl oxygens) of these same residues,
which are calculated with the following equation’®
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in which n =10, m = 12, and r, = 2.5 A. With these de nitions
of rmsd and nyg, a combination of small rmsd and large nyg
indicates a structure that closely resembles the -helical
structure of the peptide, while a combination of large rmsd and
small nyg indicates the random coil.

3. RESULTS

3.1. -Syn Recognizes the Anionic Lea et of the
Bilayer. As stated in the Introduction section, this research
seeks to elucidate the initial recognition between the -syn and
the SV. First, the “peptide/water” simulations (see Section 2.1)
con rm that the peptide ( rst 15 residues of the -syn)
remains as a highly unstructured random coil in the absence of
a lipid bilayer within the simulation time (1.6 s per replica,

ve replicas, Figure S2 in the Supporting Information).
Second, as demonstrated in Figure 2, one unstructured peptide
is put 1 nm from the top lea et (“peptide/anionic”,
mimicking the outer lea et of the SV) or the bottom lea et
(peptide/zwitterionic, mimicking the inner lea et of the SV) in
bulk water. A total of 20 replicas of each system with
randomized velocities are simulated with unbiased MD
simulations for 1.6 s, in which the peptide is free to traverse
through the barrierless periodic boundaries and bind to either
lea et. In the interest of using precise language, we give an
attribute, “inserted”, to individual residues, and two attributes,
“recognized” and “bound”, to the peptide. A residue is
considered to have “inserted” into the anionic lea et once its
COM is beneath the plane de ned by the phosphorus atoms in
the anionic lea et. Likewise, a residue is considered to have
“inserted” to the zwitterionic lea et once its COM is above the
plane de ned by the phosphorus atoms of the headgroups (see
Figure 2 for the relative position between the bilayer and the
peptide). The peptide is considered to have “recognized” a
lea et if at least three residues are inserted simultaneously, and
the beginning of the “recognized” status is de ned as the initial
recognition time (IRT). In general, the status of being
recognized is stable and lasts until the end of the simulation
(i.e, 1.6 s). Nonetheless, about 10% of the trajectories show
that the peptide leaves the lipid surface (i.e., losing its
recognized status) and experiences transient periods of oating
in bulk water. In such cases, the IRT is de ned as the
beginning of the recognized status that lasts until the end of
the simulation. For example, if in one simulation, the peptide
has the recognized status between 0.3 0.6 and 0.7 1.6 s, the
IRT would be reported as 0.7 s. The peptide is considered to
have “bound” to the bilayer if it has maintained the status of
“recognized” for at least the last 0.8 s of the simulation. A
diagram illustrating the recognition and binding process is
depicted in Figure 3 (also see Figures S3 and S4 in the
Supporting Information). Among the 40 unbiased MD
trajectories (20 of the “peptide/anionic” system and 20 of
the “peptide/zwitterionic” system, see Section 2.1), 95% of the
peptides recognize and bind to the anionic surface (mimicking
the outer lea et of the SV) and only 5% recognize and bind to
the zwitterionic surface. Speci cally, in the “peptide/zwitter-
ionic” systSems, the peptide in all 20 trajectories traverses over
5 nm to bind to the anionic surface, while the zwitterionic
surface is only 1 nm away. In the “peptide/anionic” systems, 18

out of 20 trajectories bind to the anionic surface, while 2 binds
to the zwitterionic surface. It is of interest to note that the
process of recognition takes place relatively quickly: for these
38 trajectories in which the peptide is bound to the anionic
surface, the IRT is 207 ns on average, which ranges between 18
and 723 ns. The simulations con rm the overwhelming
binding preference to the anionic surface, as also suggested
by various experiments.?**"%%% These phenomena indicate
that the negative charge, as a result of the PS lipids on the
anionic lea et, plays an essential role, in which case these
positively charged residues (LYS-6, LYS-10, and LYS-12) of
the peptide should be responsible for initiating and stabilizing
the mteractlon between the peptide and the SV-like
bilayer.*

To further understand the overwhelming binding preference
of the peptide to the anionic lea et, a residue-dependent
analysis is performed to investigate what residues lead to the
initial recognition and are responsible for the further
stabilization that eventually leads to the binding. Regarding
the initial recognition, the investigation focuses on the residues
that have been inserted onto the anionic lipid surface prior to
the IRT. This time window of interest is de ned as 10 ns
before the IRT of each trajectory (38 trajectories, a total of 380
ns) and is justi ed as the distribution for larger windows before
IRT is nearly identical (Figure S5). The histogram of the
residue’s inserted time within this time window is summarized
in Figure 4 (gray bars). The results demonstrate that MET-1
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Figure 4. Relative insertion time of the 15 residues for the initial
recognition (10 ns before IRT, a total of 380 ns) and further
stabilization (from IRT until the end of the simulation, a total of 51

S).

and LEU-8 have shown a signi cant insertion time in contrast
to other residues. Analysis of the MD trajectories has
con rmed that a large portion of the recognitions are initiated
either by the insertion of MET-1 (13 out of 38 trajectories) or
LEU-8 (14 out of 38 trajectories). Representative structures
(shortly after IRT) from the MET-1-initiated recognition and
LEU-8-initiated recognition are depicted in Figure 3. The
detailed trace of insertion of each residue from one
representative trajectory for both mechanisms is shown in
the Supporting Information (Figure S6). It is important to
acknowledge that the extra orientational exibility of MET-1,
as a result of its terminal position, could have contributed to
the large inserted time. Furthermore, Figure 4 demonstrates
that the anionic lipid surface clearly suppresses its association
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Figure 5. (A) Angular distributions of MET-5, LYS-6, LYS-10, and LYS-12 from all trajectories bound to the anionic lea et of the bilayer. (B) One
representative frame that highlights the di erent orientations of MET-5 and LYS-6. (C) Rotated view of the representative frame in (B),

highlighting the orientations of LYS-10 and LYS-12.

with the negatively charged residues, ASP-2 and GLU-13.
However, in contrast to the speculation that the positively
charge residues (LYS-6, LYS-10, and LYS-12) are responsible
for the initial recognition, these residues hardly insert into the
anionic lea et before IRT.

In regard to stabilizing the recognition and eventually
leading to the peptide binding, the inserted time of each
residue is analyzed from the IRT until the end of the
simulation (38 trajectories, a total of 51 s), and the results are
summarized in Figure 4 (blue bars). After the IRT, the rst half
of the peptide (residues 1 8) is largely responsible for the
binding, rmly anchored through hydrophobic residues such as
MET-1, PHE-4, MET-5, and LEU-8. The second half of the
peptide (residues 9 15) stays above the anionic lea et in
nearly all the trajectories. This is largely due to the strong
repulsion between the negatively charged GLU-13 and the
anionic lea et, whose neighbor residues appear to have a short
insertion time and are symmetric with respect to GLU-13.
Interestingly, the positively charged lysine residues (LYS-6,
LYS-10, and LYS-12) once again appear as almost a nonfactor
in the binding between the peptide and the anionic lea et.
Among these three lysine residues, LYS-6 shows the largest
inserted time, which nonetheless is still signi cantly shorter
than its neighbor residues, suggesting that the binding might
have taken place despite its presence. Surprisingly, the lysine
residues in the second half, LYS-10 and LYS-12, two positively
charged residues, are unable to counteract the single negative
charge from GLU-13, as evidenced by the fact that the inserted
time for the second half of the peptide is negligible compared
to the rst half. Overall, although the simulation results agree
with the experiments that the peptide prefers the anionic
surface over the zwitterionic surface,®’ the residue-dependent
analysis suggests that the reason behind this phenomenon
could be more complicated than merely the Columbic
interaction as the positively charged lysine residues do not
shown a major contribution to the recognition or binding.

3.2. Role of Coulombic Interaction. The insigni cant
contribution of the positively charged lysine residues to the
recognition and the binding between the peptide and the
anionic lea et (mimicking the outer lea et of the SV)
contradicts the intuition that the Coulombic interaction is
the driving force. Structural analysis is performed to unravel
this controversy. The inserted time between MET-5 and LYS-6
is compared: they are neighboring residues of similar size, but

the terminal of LYS-6 ( NH;") holds a positive charge.
According to the blue bars in Figure 4, MET-5 has been shown
to be inserted almost three times longer than LYS-6 since the
IRT. The structural analysis highlights the di erence in the
nature of the insertions of these two residues. As shown in
Figure 5B, the side chain of MET-5 can be seen to penetrate
through the plane of phosphorus atoms and to insert into the
lipid surface to maximize its hydrophobic interaction with the
lipid tails, resulting in a tilted angle ( 5 in Figure 5A) that is
close to 180, which is de ned as the angle between the normal
of the lipid surface (i, z-axis) and the vector connecting the

-carbon and the terminal atom of the side chain. As a result,
the backbone of LYS-6 is dragged by MET-5 beneath the plane
of phosphorus atoms; however, its positively charged terminal
end is rmly anchored to the surface of the anionic lea et
because of the Coulombic interaction with the negatively
charged head group of the DOPS, leaving an acute tilted angle
( ¢ in Figure 5A). Even though both MET-5 and LYS-6 form
stable interactions with the anionic surface of the lipid (shown
in Figure S6 in the Supporting Information), the de nition of
residue insertion (i.e., the COM of a residue laying beneath the
plane of the phosphorus atoms) makes MET-5 instead of LYS-
6, much more likely to be considered as an “inserted” residue.
LYS-12 demonstrates the shortest inserted time among the
three lysine residues, which can be attributed to its closeness to
the negatively charge residue GLU-13. GLU-13 is pushed away
from the anionic lea et into bulk water and pulls the backbone
of LYS-12 with it. Consequentially, the tail of LYS-12 points
down toward the anionic surface and results in an obtuse tilted
angle ( 1, in Figure 5C), leaving the COM of the residue
above the plane of the phosphorus atoms almost entirely
throughout the simulation. LYS-10, whose inserted time is
between LYS-6 and LYS-12, is under a concerted e ort from
these two aforementioned scenarios. As a result, it mostly oats
on the surface of the anionic lea et with the most probable
tilted angle ( 4 in Figure 5C) close to 90°. Overall, the results
suggest that the Coulombic interaction prevents the lysine
residues from further insertion into the anionic lea et.

After the initial recognition, the peptide continues to bind to
the anionic surface of the bilayer (i.e.,, more residues inserted,
shown in Figure S6). Longer simulations have shown that the

rst eight residues demonstrate an -helical structure in 7 out
of the 38 trajectories (con guration D in Figure 3) that bind to
the anionic lea et. The folding takes place, on average, 0.8 s
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after the IRT and the -helical structure is stable throughout
the rest of the simulation (total time of 5.2 s). This structural
change is particularly interesting because as suggested by
experiments, it might represent the initial step of the folding of
the full-length -syn.**** Recall that there are two major
mechanisms of the initial recognition: the MET-1-initiated and
the LEU-8-initiated (see Figure 3); it is interesting to note that
all seven trajectories in which the peptide partially folds belong
to the category of MET-1 initiation, which includes a total of
13 trajectories. To understand the correlation between the
recognition mechanism and the folding, the formation of the
hydrogen bonds between the nth and (n + 4)th residue is
analyzed for these seven trajectories and one example is
illustrated in Figure 6. It shows that the folding starts from the
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Figure 6. Number of hydrogen bonds formed (eq 3), leading up to
the folding time (t = O, indicated by the dashed black line). The
approximate locations of the hydrogen bonds are highlighted on the
transparent helix to the right of the plot.

terminal residue (n = 1) and moves up the sequence but is
terminated by the sixth reside as the hydrogen bond between

the LYS-6 and LYS-10 is unable to form. As discussed earlier,
lysine residues have limited structural freedom because of the
Coulombic interactions between the positive terminal ( NH,)
and the negative head group of the DOPS. As a result, LYS-6
and LYS-10 “ oat” on the surface of the membrane (see Figure
5). It prevents the peptide from further folding into a complete
-helical structure, which is known to bind beneath the plane
of the phosphorus atoms.”® The Coulombic interactions also
account for the fact that no signi cant folding is observed in
the LEU-8-initiated trajectories, as folding toward the N-
terminal would be stopped by LYS-6 and folding toward the C-
terminal will be terminated by LYS-10. It is important to point
out that as suggested by many experimental studies,***"**
syn will ultimately fold in the presence of the anionic lipid
bilayer. Nevertheless, the temporal scale of the unbiased MD
simulation in this manuscript, even though at an unprece-
dented length, is still not long enough to capture this behavior.
Overall, the abovementioned analysis indicates the Coulombic
interaction between the positively charged lysine and the
negatively charged PS facilitates the peptide to preferentially
bind to the anionic surface of the lipid bilayer. Nevertheless, it
also indicates that this Coulombic interaction has a potential of
hindering the peptide to further insert into the lipid-tail region
and fold into a helical structure immediately after the binding.
3.3. Free Energy of -Syn Membrane Binding. -syn
has been shown to undergo conformational changes in the
presence of highly curved anionic membranes, transiting from
an unstructured random coil into a highlg structured  -helix
and further aggregating into oligomers.?>*° The folding of a
protein is a slow process that is not accessible with the
temporal scale of unbiased MD simulations. To investigate the
folding propensity of the peptide in the presence of a lipid
bilayer, MetaD simulations are employed to compute the free
energy of folding in the presence (“metad/lipid” system) and
absence (“metad/water” system) of a lipid bilayer (see Table
1). The previous section has demonstrated an overwhelming
binding preference of the peptide to the anionic lea et of the
bilayer; therefore, in the MetaD simulations, only the anionic

Figure 7. Two-dimensional PMFs of the folding of the peptide in bulk water (left) and bound to the anionic surface of the SV (right). The blue
and black curves on the PMFs are the minimal free energy path of the folding. Four representative con gurations (A through D and A through D )

of the peptide are shown as inserted gures.
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lea et of the SV-like bilayer is considered. As shown in the
Methods section, the bias energy is only applied to enhance the
folding of the peptide (CVs are chosen as rmsd and number of
hydrogen bonds of residues 5 12) and no additional bias is
added to hold the peptide bound to the anionic lea et of the
bilayer. Nevertheless, the peptide stays bound throughout the
entire MetaD simulation (as long as 1.2  s), further supporting
the favored interaction between them. More speci cally, the
height of the Gaussian bias used is 0.1 kI/mol, which is added
every 100 steps. The Gaussian width for the rst CV (rmsd) is
0.04 A and the width for the second CV (ngg) is 0.01
(unitless).

The two-dimensional PMFs of the peptide folding in the
presence and absence of the lipid bilayer are depicted in Figure
7. The PMFs are averaged over seven replicas each, with each
replica being averaged over the last 0.2 s of the simulation
after the motion of the system becomes di usive (see the
Methods section). In the framework of the aforementioned
CVs, the folded peptide (e.g., con guration A and A ) features
a combination of low rmsd values and a large number of
hydrogen bonds, while the less structured (e.g., con guration D
and D) peptide features a combination of high rmsd values
and a low number of hydrogen bonds. The bold curves on the
two-dimensional PMFs are the MFEP calculated with the
string method at zero temperature.”>®® The MFEP connects
the folded and unstructured states of the peptide and
represents the most likely path over many folding events.
The one-dimensional free energy pro le of the folding, de ned
as the change in the PMFs when the peptide transits from the
folded state to the unstructured state, is obtained from the
MFEP and depicted in Figure 8. This gure clearly
demonstrates that the preferred state of the peptide is -
helical (A ) upon binding to the membrane and unstructured
(D) when the peptide is in water. For example, once the
peptide is bound to the lipids, the unstructured peptide (D ) is
about 1.5 kcal/mol higher in free energy than the -helical
structure (A ), while the unstructured peptide (D) is about 2.0

Figure 8. Free energy of the folding of the peptide in bulk water
(blue) and bound to the anionic surface of the SV (black) extracted
from the minimum free energy path (MFEP) in the gure. The
representative con gurations (A through D and A through D) are
shown in Figure 7.

kcal/mol lower in free energy than the -helical structure (A)
if the peptide remains in bulk water.

4. DISCUSSION AND CONCLUSIONS

Recalled at the previous section, both experiments and
MD simulations demonstrate the peptide’s overwhelming
recognition and binding preference to the anionic lea et over
the zwitterionic lea et, suggesting the importance of the
Coulombic interaction. However, the residue-dependent
analysis seems to contradict this theory, as it has shown that
this interaction prevents the positively charged lysine residues
from insertion. To elucidate the role that the Coulombic
interaction plays, the time evolution of the number of lipid
head groups within 1 nm of each residue prior to the rst time
when three residues are inserted into the membrane (i.e., as the
peptide is approaching the anionic surface from the bulk
water) is plotted in Figure 9A. The distance between the lipid

24,37,92,93

Figure 9. (A) Time evolution of the number of lipid head groups
(POPC, DOPE, and DOPS) around the residues of the peptide prior
to the rst instance of three residues being inserted (time = 0 in the

gure). The blue and orange lines represent the average number of
head groups within 1 nm of the positively charged residues (LYS-6,
LYS-10, and LYS-12) and the remaining 12 residues, respectively. See
the text for the de nition of the distance. (B) Same as (A), we expect
that the average number of head groups is from the negatively charge
lipid (DOPS) only.

head groups and a residue is de ned as the distance between
the negatively charged oxygen in the phosphate group (see
Figure 1) and the heavy atom (any atom that is not hydrogen)
at the terminal of the side chain. In this analysis, only those
trajectories of the peptide/zwitterionic system (20 trajectories)
are included. This choice eliminates any potential bias that
might be introduced by the initial con gurations of the
peptide/anionic system, in which the peptide is only about 1
nm above the anionic lea et; thus, the residue-lipid association
could depend highly on the initial con guration. The gure has
shown that as the peptide approaches the anionic surface, the
positively charged lysine residues (blue line) are in closer
contact with the head groups than the rest of the residues
(orange line). For example, between 30 and 10 ns, on
average, there are more than twice as many head groups within
1 nm of the lysine residues (1.09 on average) than the rest of
the residues (0.44 on average). This di erence demonstrates
that these lysine residues are “leading” the peptide to associate
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with the anionic lea et. To highlight the role that Coulombic
interactions might be playing, the same analysis is performed
between each residue and only the negatively charged DOPS
lipids (see Figure 9B). It is important to note that the net
negative charge of the DOPS lipid is also located near the
oxygen in the phosphate group, as the charges on the primary
ammonium ( NH;*) and carboxyl ( COO ) at the terminal
of the head groups cancel each other out (see Figure 1). Figure
9B illustrates the di erence in association with DOPS head
groups between the lysine residues (0.52 on average) and the
remaining residues (0.16 on average). Recall the composition
of the anionic lea et employed in this study: a 3:4:1:4 (molar
ratio) mixture of DOPS, DOPE, POPC, and CHOL,
respectively. Therefore, a nonselective residue lipid inter-
action would result in 3 (DOPS) out of 8 (all lipid molecules)
being the residue DOPS association (i.e., 37.5%), which is in
good agreement with the case for nonpositively charged
residues (the “all remaining residues” in Figure 9), 0.16 out of
0.44 (36.4%). In contrast, the lysine-DOPS association account
for a larger component in the lysine-lipid association, 0.52 out
of 1.09 (47.7%). This result is supported by the electrostatic
and hydrophobic energy analysis for each residue (shown in
Figure S7 in the Supporting Information). The rst half of the
peptide binds to the anionic lea et through its favored
Coulombic interactions from the LYS residues. By combining
these results, it is clear that the Coulombic interaction is
crucial in preferentially detecting the anionic lea et of the SV-
like bilayer (i.e., initial recognition).

Using all-atom MD simulations and a detailed structural
analysis, this manuscript has further elucidated key factors in
the initial recognition and binding of the N-terminal of -syn
( rst 15 residues) to an SV-like membrane. The rst half of the
peptide (residue 1 8) is essential for its recognition and
binding to the membrane, while the latter half of the peptide is
primarily solvent exposed. The Coulombic interactions
between the positively charged LYS residues (LYS-6, LYS-10,
and LYS-12) and the negatively charged PS lipids are
responsible for the peptide’s overwhelming binding preference
to the outer lea et of the SV-like membrane. These results
agree well with other investigations of the interaction between

-syn and the lipid bilayer. For example, employing “atomistic
MDs and a novel membrane representation with signi cantly
enhanced lipid mobility”, Vermaas and Tajkhorshid reported
that the PS-LYS contacts play an important role in the
insertion of helical -syn into the lipid bilayer of negatively
charged head groups.’” Inadi erent study, Navarro-Paya et al.
investigated the binding of the N-terminal region of -syn
( rst 30 residues) to synaptic-like vesicles with enhanced
coarse-grained MD simulations and found that the rst 8
residues of both the helical and extended-disordered structure
form stable contact with the lipid bilayer at physiological
temperature.*® With time-lapse atomic force microscopy and
MD simulation, Lv et al. have also highlighted the importance
of the electrostatic interactions between the positively charged
lysine-rich segment of -syn and the negativelg/ charged bilayer
surface to the formation of -syn aggregates.”® In addition, the
unbiased MD simulations also suggest that these Coulombic
interactions might hinder the further insertion of the peptide
into the membrane and prevent the peptide from completely
folding into a helical structure the orientation and insertion
depth of the peptide relative to the lipid surface are severely
restrained through the strong LYS PS interaction. As a result,
there seems to exist a “double edged sword” e ect of the

Coulombic interactions between the peptide and the anionic
lea et of the bilayer, which enhances their association but
suppresses peptide deep insertion. Although indirectly, this
result is supported by the solid-state NMR and restrained MD
simulation investigation from Fusco et al,, in which LYS-6,
LYS-10, and LYS-12 are mostly less inserted into the lipid
bilayer compared to their neighboring residues.*®

The present work bodes well with previous literature that it
is the presence of negatively charged components of the SV,
whether it is from proteins, peptides, or phospholipids, that
in uences the binding of -syn.*""9"% Interestingly, it has
been reported that the synthesis of anionic lipids in the brain
increases with age®® and that the ratio of anionic to
zwitterionic phospholipids increases in the PD brain.'® As it
was reported that -syn may rely on a reversible binding
mechanism to carry out its physiological function, such age-
related changes may lead to an enhanced Coulombic
interaction with the membrane, causing the -syn to crowd
cellular membranes and, consequently, induce neuronal
toxicity.*>%%" It also correlates well with a higher rate of
developing Parkinson symptoms at an advanced age.”®*%
Taking everything into consideration, the present work
provides a greater understanding of the events that lead to
the folding of the full-length -syn, as well as a foundation to
further study the toxic species of -syn.
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