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An artificial glycan cluster, in which 24 monosialotetrahexosylganglioside (GM1) glycans are trans-
planted to the interface of a metal-ligand complex, was recently proposed to investigate the interaction
between GM1 glycan clusters and amyloidogenic proteins by NMR analysis. In this study, all-atom
molecular dynamics simulations were performed to characterize the conformational properties of the
artificial GM1 glycan cluster. We found that more than 65% of GM1 glycans are clustered by interchain
hydrogen bonds. Interchain hydrogen bonds are mainly formed between NeuSAc and Gal’. Pentamers
were most frequently observed in the metal-ligand complex. GM1 glycans are tilted and hydropho-
bically interact with ligand moieties. The hydrophobic surface of the metal-ligand complex increases
intrachain hydrogen bonds in each conformation of the GM1 glycans. The increase of intrachain
hydrogen bonds stabilizes the local minimum conformations of the GM1 glycan in comparison with
the monomeric one. Interchain hydrogen bonding between glycans and glycan-ligand hydrophobic
interactions also contribute to this conformational stabilization. Our results provide the physicochemi-
cal properties of the new artificial GM1 glycan cluster under the thermal fluctuations for understanding
its protein recognition and designing the drug material for amyloidogenic proteins. Published by AIP
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. INTRODUCTION

Lipid rafts involving monosialotetrahexosylganglioside
(GM1) on neuroral cell surfaces mediate cell signaling and
immune responses and are involved in the onset and develop-
ment of various diseases.! GM1 is one of the major glycosph-
ingolipids of neuronal cell membranes. GM1 has pentasac-
charide structures designated as G1 of ganglio series, and its
glycan structure contains a monosialic acid which reflects to
the second letter M. GM1 clusters play pathological roles in
neurodegenerative diseases caused by the toxic aggregation of
proteins such as amyloid-p (AB),>™ a-synuclein,® and prion
protein.” In the case of AP, GMI clusters specifically interact
with A and trigger its structural changes responsible for their
aggregation.®~'° Hence, understanding of these molecular pro-
cesses has potential importance from the viewpoints of drug
development and treatment.!! To characterize their molec-
ular mechanisms, several artificial GM1 clusters have been
proposed, which is mainly analyzed by NMR.%!>1¢ These
studies showed that the hydrophobic/hydrophilic environment
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provided by GM1 clusters induces the a-helix formation of A
peptides in multiple steps.'?!3 Previous studies in larger mem-
brane environments revealed that the hydrophobic interior of
lipid hydrocarbon chains promotes the a-helix formation of
a-synuclein.!’-20

Recently, a well-defined artificial GM1 glycan cluster, in
which 24 GM1 glycan is transplanted to the interface of an
Mj;L04 spherical complex,m'22 has been developed to ana-
lyze the early stage of the interaction between GMI1 clusters
and proteins.23 The M|,L,4 assembled from 12 palladium ions
(M) and 24 bidentate ligands (L) provides a stable scaffold.>*
Artificial GM1 clusters without hydrocarbon chains enabled
the NMR spectroscopic characterization of the early stage of
its protein recognition. The previous research revealed the
recognition site of amyloidogenic proteins A and a-synuclein
in the early stage, which was not observed by any previ-
ous artificial GMI clusters.”®> As the recent application, the
hyper-self-assembly of M2Lo4 transplanted with 24 Lewis
X trisaccharide? was also reported. Lewis X clusters medi-
ate cell-cell interactions on cell surfaces.”’®=" The artificial
GM1 glycan cluster is expected not only for a novel analyti-
cal tool but also for drug discovery and therapy by adsorbing
and removing pathogenic substances in vivo. Therefore, the

Published by AIP Publishing.


https://doi.org/10.1063/1.5045310
https://doi.org/10.1063/1.5045310
https://doi.org/10.1063/1.5045310
mailto:hokumura@ims.ac.jp
mailto:hokumura@ims.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5045310&domain=pdf&date_stamp=2018-10-01

135101-2 Tachi, Okamoto, and Okumura

properties of the artificial GM1 glycan cluster are important
for understanding these biomolecular recognition and logical
designing of drug materials. However, despite its importance,
the conformational information of the GM1 glycan cluster
remains unclear. The difficulty of the experimental direct visu-
alization motivates the necessity of molecular simulations at
the atomic level.

Previous molecular dynamics (MD) simulations revealed
the properties of GM1 clusters in several membranes.’'~33
Mori et al. compared GM1/SM/Chol and GM1/POPC bilay-

rs.3! Patel et al. investigated the influence of GMI con-
centration on lipid clustering, the physicochemical properties
of membranes, and membrane curvature.>? Ingolfsson et al.
investigated the dynamic properties of GM1 clusters by a
plasma membrane model that consists of 63 kinds of lipid.*
Zhang et al. investigated the conformation of monomeric
GM1 glycan in solution by replica-exchange MD (REMD)
simulations.* Several studies also reported the conforma-
tion of monomeric N-glycan in solution by REMD simula-
tions.3>37 In this article, we first modeled the artificial GM1
glycan cluster and investigated the conformational proper-
ties of GM1 glycans on the metal-ligand complex (here-
inafter we refer to this as just a complex). In particular, we
compared the conformational properties of GM1 glycan on
the complex and that of well-studied monomeric GM1 gly-
can by all-atom MD simulations. This comparison helped
the conformational characterization of GM1 glycans on the
complex.

Il. COMPUTATIONAL DETAILS
A. Modeling an artificial GM1 glycan cluster

The artificial GM1 glycan cluster consists of 24 ligands
with GM1 pentasaccharide and 12 palladium ions. The config-
uration of the ligand with GM1 glycan was shown in Fig. 1(a).
The self-assembled structure of the artificial GM1 glycan clus-
ter was constructed by placing Ligand parts and palladium ions
at the sides and vertices of the cuboctahedral framework of the
X-ray crystal structure of the M, 1,4 spherical complex.”! The
configuration of GM1 glycan was constructed by using Gly-
cam Biomolecule Builder.® We employed the GLYCAM 06
force field®® for the GM1 glycan part of the complex and the
general AMBER force field (GAFF)* for Ligand part. Atomic
charge of Ligand part was determined by the restrained elec-
trostatic potential (RESP) charges*! that were obtained using
ab initio molecular orbital calculations with the HF/6-31G*
level in the Gaussian09 program.*? To reduce the chances
of artifacts caused by trapping in metastable conformations,
the charge derivation was performed by splitting Ligand into
two parts [see Fig. 2(a)]. The capping of the galactose was
employed for structure 1 to take into account the contribu-
tion from sugar chain atoms. For the Pd?*-Ligand coordination
interactions, the 12-6 Lennard-Jones (LJ) non-bonded model*3
was employed. In Ref. 43, two parameter sets, CM and HFE,
are given for the LJ model. We confirmed the stability of the
complex by performing 10 ns all-atom molecular dynamics
(MD) simulations with both CM and HFE parameter sets.
Snapshots after 10 ns simulations are shown in Figs. 2(b) and
2(c). In these figures, we imply that the CM parameter set
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FIG. 1. Molecular structures of the ligand with GM1 glycan and the metal-
ligand complex with 24 GM1 glycans used in our simulations. (a) Structure
of the ligand with GM1 glycan. In this figure, the Ligand was introduced to
connect to GMI glycans.?> We refer to a particular ligand as Ligand with a
capital L hereafter. (b) Structure of the complex with 24 GM1 glycans.

stabilizes the complex as compared with the HFE parameter
set. To reproduce the stability of the complex, we chose the CM
parameter set for the 12-6 LI non-bonded model. Additionally,
to observe the glycan conformations on the complex stably, a
harmonic restraint with a force constant of 10 kcal/(mol/Az)
was applied to the Pd?>*-N distance. The equilibrium

5

Structure 1

W;;T/
oYy S

" Structure 2

FIG. 2. (a) Two optimized structures splitted from Ligand. Snapshots of the
complex with GM1 glycan after 10 ns MD simulation in the case of (b) CM
parameter set and (c) HFE parameter set.
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distance was set to 2.157 A. For simplicity, the effect of nitrate
(NO3~) counterions of the complex system was ignored in this
study.

B. MD simulations

All-atom MD simulations of the complex with 24 GM1
glycans and monomeric GM1 glycan were performed in the
NVT ensemble for 250 ns using the AMBER16 program pack-
age.** Temperature was set to 300 K, which was the experi-
mental condition. For conformational sampling, simulations
from nine different initial structures were performed on the
complex with GM1 glycan, and simulations from 216 differ-
ent initial structures were performed on the monomeric GM1
glycan. Here, we employed the GLYCAM 06 force field*
for the glycan part of the complex and the monomeric GM1
glycan, the general AMBER force field (GAFF)* for the Lig-
and part, and the TIP3P model*’ for the water molecules. The
complex with GM1 glycan and the monomeric GM1 glycan
was solvated with water molecules. The box sizes of the com-
plex with GM1 glycan and the monomeric GM1 glycan were
106 x 102 x 102 A3 and 47 x 44 x 49 A3, respectively. To neu-
tralize the monomeric system, a hydronium ion was added. All
quantities were calculated from the last 150 ns of each simula-
tion. More details are described in the supplementary material.

lll. RESULTS AND DISSCUSSION

A typical last 150 ns simulation of the complex is shown
in Fig. 3 (Multimedia view). During the simulation, GM1 gly-
cans are not isotropically arranged, but are densely packed
on the complex. The exposure of Ligand moiety is also seen
in this movie. The exposure of Ligand moiety provides more
hydrophobic environment than the sugar chain moiety. Fig-
ure 4(a) shows the probability distribution of glycan cluster
size (cluster size 1 is a monomer). Here, the glycan clus-
ter was defined as a group connected by hydrogen bonds
between the ligands with GM1 glycan. Hydrogen bonds were

The highest  0.003
probability cluster 0.002

0.001
l, 0.000

16 17 18 19 20

Probability
o
N

12345678 91011121314151617181920
Cluster size (1 is a monomer)

,15“&%’

Ligand framework

Top view

Glycan cluster ’;Et
(cluster size 5) 1 ions correspond to the vertices. Sugar
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FIG. 3. A movie of a typical last 150 ns simulation trajectory of the complex.
Multimedia view: https://doi.org/10.1063/1.5045310.1

determined using the simple geometric criteria: If Rap < 3.5 A
and Oayp > 120° [Rap is the distance between accepter (A)
and donor (D) heavy atoms, and fapp is the A—H-D angle] is
satisfied, a hydrogen bond was considered to be formed. We
found that more than 65% of glycans were clustered on the
complex by interchain hydrogen bonding. The cluster size is
distributed up to 20. On the complex, pentamers exist with the
highest probability. The reason of the highest probability of the
pentamers can be explained by the Ligand framework of the
complex [see Fig. 4(b)]. The nearest neighbor group of sugar
chains on the complex is composed of three sugar chains [red
points in Fig. 4(b)] existing on the sides of one triangle. The
number of second nearest neighbor sugar chains from the cen-
ter of the triangle is six [green points in Fig. 4(b)]. However,
due to the limitation by the curvature of the spherical complex,
only two of the second nearest neighbor sugar chains can bind
only two to the nearest neighbor groups. Figure 4(c) shows
snapshots of a pentamer during the MD simulation and its
Ligand framework. This pentamer was formed as we explained
above.

FIG. 4. (a) Probability distribution of
glycan cluster size. (b) Cuboctahedral
frameworks, in which Ligand moieties
correspond to the edges and palladium

chain moieties correspond to dots. (c)
Snapshots of a GM1 glycan cluster (col-
ored in the upper figure) and its Ligand
framework (red in the lower figure) in
the case of cluster size 5.

Ligand framework of
cluster size 5
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Figure 5(a) shows the probability matrix of interchain
hydrogen bond formations among the ligands with GM1 gly-
can. In this figure, interchain hydrogen bonds are mainly
formed between NeuS5Ac and Gal’. On the other hand, Gal
has low probability overall. Gal is located at the branch point
of GM1 glycan. The position of Gal makes it difficult to form
a hydrogen bond with the outside of the GM1 glycan. In addi-
tion, we calculated the probability matrix of interchain contact
formations using different distance cutoffs 3.5 and 5.5 A [see
Figs. 5(b) and 5(c)]. Here, a contact was regarded to be formed
between atoms (C, O, N, and Pd?*) located within cutoff dis-
tance. The probability matrix of contact formation between
palladium ions and sugar molecules was not shown because
it was less than 1% of the total contacts. These figures indi-
cate that the sugar chain moiety frequently makes a contact
with Ligand moiety. The Ligand has a contact frequently with
GalNAc, Neu5Ac, and Gal. The acetyl groups of GalNAc and
Neu5Ac interact with Ligand. The hydrophobic surface of Gal
and the pyridine ring or benzene ring of Ligand moiety can con-
tact by hydrophobic interactions as previous studies reported

(a) (b) Contact

J. Chem. Phys. 149, 135101 (2018)

that galactose interacts with hydrophobic or aromatic amino
acids by its hydrophobic face.*0—8

The free energy surface with respect to two tilt angles was
calculated to investigate the orientation of GM1 glycan on the
complex [see Fig. 5(d)]. Radial distribution functions (RDFs)
of sugar molecules, Ligands, and water molecules from the
center of mass (COM) of Ligands were also calculated (see
Fig. S1). This free energy surface and RDFs of sugar molecules
and Ligands indicate that GM1 glycans are mainly tilted to the
complex side. Note that the peak position of Gal’ is the largest
in the RDFs. Two tilt angles take on values between 30° and
180° and move flexibly by thermal fluctuations ~kg 7. The C4-
C1-COM angle tends to tilt toward the complex compared to
the C5-C1-COM angle. This tendency indicates that the Neu
side exposes to the solvent compared to the Gal’ side because
Neu is negatively charged.

To compare the conformational space of GM1 glycan on
the complex and the monomeric GM1 glycan, the probabil-
ity density functions of root-mean-square deviation (RMSD)
were calculated [see Fig. 6(a)]. RMSD was calculated by

(c)

Hydrogen bond Contact
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Probability dAo<3-5>‘ Probability ho < 35 A (B) Probability ho <55 A (B
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FIG. 5. Probability matrices of interchain interactions among the ligands with GM1 glycan: (a) hydrogen bond formations, (b) contact formations using 3.5 A
cutoff, and (c) contact formations using 5.5 A cutoff. (d) Free energy surface composed of two tilt angles. The C4-C1-COM angle is the angle between two
vectors, which are C1 to C4 vector and Cl1 to the center of mass (COM) of Ligands vector. The C5-C1-COM angle is the angle between two vectors, which are
Cl1 to C5 vector and C1 to the COM of the Ligand vector.
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FIG. 6. (a) Probability density functions of root-mean-square deviation (RMSD) with respect to a representative GM1 glycan structure (PDB: 3CHB) of GM1
glycan on the complex and the monomeric GM1 glycan. (b) Free energy surface composed of the first two eigenvectors PC1 and PC2 and the second and the
third eigenvectors PC2 and PC3 in each system. (c) The six major conformations in the case of GM1 glycan on the complex.

superposing the GM1 glycan structure of each trajectory on
a representative GM1 glycan structure (PDB: 3CHB).*° The
position of the highest peak was the same in both cases. How-
ever, in the case of GM1 glycan on the complex, the position
of the second highest peak has a slightly larger value and the
difference of the probability density value between two peaks
is much smaller. Free energy surfaces of dihedral angles (&,
Y,,n=1,2,3, and 4) of four glycosidic linkages were also
calculated in each system (see Figs. S2 and S3). In both cases,
there is no significant difference in the position of the stable
point of these free energy surfaces.

To compare the conformational stability in more detail,
dihedral angle principle component analysis (dPCA) analy-
sis was carried out. This method was proposed to describe
the rugged free energy landscape of protein folding by

using sine/cosine-transformed dihedral angles of a peptide
backbone.’® We employed dihedral angles of the glycosidic
linkages, instead of the peptide backbone. Figure 6(b) shows
free energy surfaces as a function of the first two eigenvec-
tors PC1 and PC2 and the second and third eigenvectors PC2
and PC3 in each system. We found that the rotation of dihe-
dral angles of the glycosidic linkage of Neu-Gal and Gal-Glc
contributes to the PC1 and PC2 by calculating correlation coef-
ficients. From this figure, we found that the GM1 glycan has six
major conformations in both cases. In the case of GM1 glycan
on the complex, the local minima 3, 4, 5, and 6 are remark-
ably stabilized compared with the monomeric GM1 glycan.
Snapshots of each conformation on the complex are shown
[see Fig. 6(c)]. Additionally, we also calculated free energy
surfaces as a function of the PC1-PC2 space and the PC2 and
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PC3 space in each cluster size, up to 20 (see Figs. S4 and S5).
These figures show that major conformations in each cluster
size are distributed as the same as that of the entire conforma-
tional space on the complex, and conformation 1 or 2 is the
most stable state in each glycan cluster.

To clarify the reason for the stabilization of conformation
3,4, 5, and 6 on the complex, the average number of hydro-
gen bonds and the free energy surface of the two tilt angles
were calculated in each conformation (see Figs. S6 and S7).
There are two reasons for the stabilization of the local min-
ima. The first one is explained from the average number of
intra- and inter-chain hydrogen bonds of each conformation
in the monomeric GM1 glycan and GM1 glycan on the com-
plex (see Fig. S6). Compared to the monomeric case, GM1
glycan on the complex has more intrachain hydrogen bonds.
The hydrophobic environment increases the stability of elec-
trostatic interaction because the dielectric constant decreases
under the lower densities of water molecules.’’ The RDF
of water molecules (see Fig. S1) shows that there are fewer
water molecules at the position where the sugar molecules
are present (r ~ 20 A). Among the six conformations, the
average number of intrachain hydrogen bonds is particularly
increased in conformations 5 and 6. Interchain hydrogen bond-
ing also contributes to the stabilization of conformation 6.
Because, conformation 6 has more interchain hydrogen bonds
than conformation 1. Thus, these conformations are stabilized
as compared with the monomeric case by intra- and inter-chain
hydrogen bonding. The second one is explained from free
energy surfaces of the two tilt angles in each conformation (see
Fig. S7). Conformations 3 and 4 have lower tilt angles. The
lower tilt angles increase the hydrophobic interaction between
the GM1 glycan and Ligand. Therefore, conformation 3 and
4 are stabilized as compared with the monomeric case by
sugar-Ligand hydrophobic interactions.

IV. CONCLUSIONS

In this study, we investigated the conformational proper-
ties of the new artificial GM1 glycan cluster, which is based
on a metal-ligand complex by all-atom MD simulations. Com-
parison with the simulations of the monomeric GM1 glycan
helped us to characterize the GM 1 glycan conformations on the
metal-ligand complex more clearly. From the analysis of MD
trajectories, we found that more than 65% of GM1 glycans
were clustered by interchain hydrogen bonding. Interchain
hydrogen bonding between Neu5Ac and Gal’ was frequently
observed on the complex. The glycan cluster with the high-
est probability was pentamer. On the other hand, there are
areas where Ligand moiety is exposed at the interface with
water molecules. On the complex, GM1 glycans are mainly
tilted and interact with Ligand moieties. Furthermore, the
increase of the number of intrachain hydrogen bonds on the
hydrophobic surface of the metal-ligand complex stabilizes
the local minimum conformations of the GM1 glycan com-
pared to the monomeric GM1 glycan. Interchain hydrogen
bonding and glycan-Ligand hydrophobic interactions also con-
tribute to this conformational stabilization. The findings of
conformational properties enable us to elucidate the binding
mechanism of amyloidogenic proteins to the GM1 glycan

J. Chem. Phys. 149, 135101 (2018)

cluster. In a future study, we will report the results of further
simulations including interactions with amyloidogenic pro-
teins, which will give a physicochemical understanding of the
protein recognition mechanism.

SUPPLEMENTARY MATERIAL

See supplementary material for computational details and
additional figures.
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