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Amyloid-B (AB) fibrillation into neurotoxic soluble oligomers and mature fibrils is mainly responsible for
the etiology of Alzheimer’s disease (AD). A recent study revealed 61% disaggregation of the pre-formed
AB42 fibrils upon incubating with a highly soluble tryptophan-galactosylamine conjugate, WGalNAc.
WGalNAc displayed no toxicity and increased the viability of SH-SY5Y cells up to 62.9 + 2% with an ECsg
value of 2.3 uM against AB4, pre-formed fibrils. However, the key interactions and disruptive mechanism
of WGalNAc against AB fibrils remain elusive. Thus, mechanistic insights into the disruptive potential of
WGalNAc against AB4, protofibrils (PDB: 50QV) were examined using molecular dynamics (MD)
simulations. The molecular docking depicted a favourable binding energy (-6.60 kcal mol™) and inter-
action of WGalNAc with the central hydrophobic core (CHC) region of chain A of the 50QV protofibril.
The MD simulations depicted that WGalNAc disrupted the contacts among Ala2, Phe4, Leu34, and
Val36 in the hydrophobic core 1 of the 50QV protofibril responsible for maintaining the stability of the
LS-shaped 50QV protofibril. WGalNAc binds favourably to the 50QV protofibril (AGpinging = —21.76 £
2.40 kcal mol™) with a significant contribution from the van der Waals interaction term. Notably, the
binding affinity between the neighbouring chains of the 50QV protofibril was significantly reduced from
—134.31 + 11.12 to —121.88 + 1.95 kcal mol™ upon the incorporation of WGalNAc, which is consistent

Received 26th August 2024, with the ThT kinetic results that revealed disaggregation of the pre-formed A, fibrils upon incubating
Accepted 7th March 2025 with WGalNAc. The in silico ADMET properties of WGalNAc showed its ability as a promising therapeutic
DOI: 10.1039/d4cp03330b candidate due to its blood—brain barrier (BBB) permeability, extended half-life, and non-toxic profile.

The MD simulations illuminated the binding interactions of WGalNAc with the 50QV protofibril and
rsc.li/pccp provided mechanistic insights into the WGalNAc-mediated structural distortions in the 50QV protofibril.
1. Introduction (PD), spongiform encephalopathies, Huntington’s disease,

and amyotrophic lateral sclerosis (ALS)."> AD is the most
Amyloid fibrils are characteristic of various neurodegenerative widespread type of dementia affecting ~55 million people
diseases like Alzheimer’s disease (AD), Parkinson’s disease worldwide and the most common neurodegenerative
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1 Electronic supplementary information (ESI) available: The best-docked pose of the 50QV protofibril and WGalNAc, docked poses of the 50QV protofibril with
WGalNAc with variable distance and position, a 2D interaction map depicting hydrophobic contacts between the 50QV protofibril and WGalNAc with variable distance
and position, comparison of MD ensembles with experimental data, evolution of microstates in the 50QV protofibril and 50QV protofibril-WGalNAc during
simulation, RMSD and R, of simulations with different initial velocities, time evolution of the contacts between WGalNAc and residues of the CHC region of the 50QV
protofibril, the number of contacts between the 50QV protofibril and WGalNAc, and hydrogen bonds of WGalNAc with chains A-D of the 50QV protofibril during
simulation, impact of WGalNAc on the side chain contacts within the hydrophobic core 1 of the 50QV protofibril in the repeat simulations, WGalNAc-induced
modulation in intra- and interchain side chain contacts in the 50QV protofibril, variations in the angle between planes of Phe19 (chain A) of the 50QV protofibril and
the indole moiety of Trp of WGalNAc during simulation, hydrophobic contacts of WGalNAc with the 50QV protofibril in the representative conformations, the number
of contacts of WGalNAc with the residues of the 50QV protofibril during simulation, variation of the kink angle in the 50QV protofibril and 50QV protofibril-WGalNAc
in the repeat simulations, and variations in the polar solvation energies of the 50QV protofibril, WGalNAc, and 50QV protofibril-WGalNAc during simulation are
shown in Fig. $1-517. The AutoDock Vina binding energy and key residues of the 50QV protofibril involved in binding with WGalNAc, top three docked conformations
of WGalNAc with the 50QV protofibril, binding energy and key interactions of the 50QV protofibril with WGalNAc at varied distance and position, comparative analysis
of docked poses from AutoDock Vina and MVD, variation in RMSD of chains A-D of the 50QV protofibril in simulated systems, details of clustering analysis, binding
free energy analysis, and ADMET properties of WGalNAc are presented in Tables S1-S9. See DOI: https://doi.org/10.1039/d4cp03330b
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disorder.? Based on the data, it is estimated that the health cost
of dealing people with AD may rise to US$1.3 trillion by 2050.°
AD is distinguished by continuous memory loss, mood swings,
abnormal behavior, and other cognitive impairments.*

The extracellular amyloid-p (AP) aggregates and the intra-
cellular neurofibrillary tangles composed of microtubule-
associated tau (t) protein are the pathological hallmarks of
AD.” The most excessive AP isoforms are AB,, and AB4o, which
are derived from the - and y-secretase mediated cleavage of the
amyloid-p precursor (APP) protein.® Literature studies reported
that AP,, displayed a higher neurotoxicity and fibrillation
tendency as compared to AB,,.” The AB aggregates into mature
amyloid fibrils through a complex multistep process, which
involves the formation of toxic oligomers and protofibrils.*®®
The AP aggregates are predominantly B-sheet rich structures
and adopt various morphologies like U-shaped,’ S-shaped,®**°
or LS-shaped." The main therapeutic interventions to reduce
neurotoxic AP protofibrils, ie., blocking the conformational
changes of the AR monomer and disaggregating AB protofibrils,
have attracted significant attention.'”> Numerous small
molecules,® peptides,'* multitarget-directed ligands,**>*®
nanoparticles,'® and antibodies'” have been explored as
prospective inhibitors that block AP aggregation and/or
disrupt AP fibrils. Several studies illuminated the inhibitory
mechanisms'® of various inhibitors against A fibrillation and
disruption of protofibrils using molecular dynamics (MD)
simulations.

Aromatic amino acids play a crucial role during self-
assembly, leading to the formation of amyloid aggregates, as
n-n stacking interactions provide energy, order, and direction-
ality to enable amyloid assembly.'® Thus, hybrid molecules
derived by conjugating the aromatic amino acids with small
molecules have been explored as potential inhibitors of amy-
loid aggregation as aromatic rings tend to interfere with the
self-assembly of aggregating proteins.”® Mohammed et al.
reported the binding of p-Trp-Aib at the aggregation-prone
region (Lys16-Glu22) of the AB,, monomer by n-n stacking
interactions between Tyr10 of A, and the indole ring of p-Trp-
Aib using MD simulations, which, in turn, blocks the confor-
mational transition to the aggregation-competent B-sheet con-
formation in the AP, monomer.”’ Segal and coworkers
highlighted the anti-aggregation activity of a naphthoqui-
none-tryptophan hybrid against the t-derived amyloidogenic
peptide PHF6 (30sVQIVYK344), AB4s, and the human islet amy-
loid polypeptide (hIAPP) involved in the etiologies of AD and
type 2 diabetes (T2D), respectively, using combined experi-
mental and computational studies.>”> However, the poor solu-
bility of this hybrid molecule under aqueous conditions limits
its use as a therapeutic candidate.

Glycan functionalization has been reported to increase the
half-life, solubility, and specificity of drugs under in vivo
conditions.”® Galactose plays a crucial role in many biological
processes, making galactosylation a valuable technique for
therapeutic delivery.>* For instance, galactosylated nanocar-
riers showed enhanced site-specific delivery of anticancer drugs
and siRNA.>** Galactose has been utilized in the development
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of vaccines and treatment as well as diagnosis of several
diseases.”® Both p-galactose and p-glucose are highly suitable
for drug delivery to the brain as both hexoses are actively
transported through BBB.?>® Galactose-conjugated dopamine
demonstrated improved bioavailability, BBB permeability, and
therapeutic efficacy in treating PD.*”

The modification of a B-sheet breaker (BSB) peptide iAB5p
(LPFFD) by conjugating trehalose yielded three glycopeptides
with inhibitory activity against AB,, fibrillation.>® The trehalose-
conjugated peptides (Th-SC, Th-CT, and Th-NT) reduced AB,,
fibrillation to about 40% in NEM (N-ethylmaleimide) buffer at a
5-fold molar excess [AB,, (25 uM): glycopeptides (125 pM)]. The
MTT assay revealed that all the glycopeptides protected cells
against AB-mediated cytotoxicity upon the second treatment (i.e.
at the time of A, addition and 48 h later). Segal and coworkers
synthesized three different tryptophan-glucosamine conjugates
and explored their ability to attenuate the fibrillation of a tau-
derived peptide PHF6 peptide.?® The thioflavin S (ThS) fluores-
cence, CD, TEM, and in silico studies depicted that tryptophan-
glucosamine conjugates blocked PHF6 fibrillation as well as
disassembled preformed fibrils in a concentration-dependent
manner at a molar ratio of 50:1 (PHF6: conjugate). Frenkel-
Pinter et al. reported selective inhibition of fibrillation and
cytotoxicity of a tau-derived peptide 7aa (Ac-SVQIVYK-NH,) in
the presence of its glycosylated analogues [B-linked galactose
(Gal), glucosamine (GIcN), and N-acetylglucosamine (GlcNAc)]
using various biophysical techniques.*® The ThS fluorescence,
CD, and TEM studies highlighted that glycosylation notably
decreased the fibrillation of 7aa and resulted in efficiently
blocking aggregation of the tau-derived peptide PHF6 peptide
by 7aa.

Recently, Paul et al. evaluated highly soluble tryptophan-
galactosylamine conjugates for their ability to block AR, fibril-
lation and disaggregate fibrils.>’ Among various synthesized
hybrid molecules, WGalNAc displayed the best inhibitory
potential against AB,, aggregation and disrupted pre-formed
AB,, assemblies. The ThT kinetic results revealed 61% disag-
gregation of the pre-formed A,, fibrils in the presence of
WGalNAc. The CD studies depicted a substantial decline of B-
sheet content in the pre-formed A, fibrils upon incubation
with WGalNAc. The transmission electron microscopy (TEM)
images depicted no fibrillar network in the pre-formed Af,,
assemblies upon the incorporation of WGalNAc.

Furthermore, WGalNAc displayed no toxicity (=>95% viabi-
lity) upon incubation with SH-SY5Y or HEK-293 cell lines at a
concentration of 250 pM. The mammalian cell line-based
assays showed that a 20-fold excess of WGalNAc increased the
viability of SH-SY5Y cells up to 62.9 + 2% with an ECs, value
of 2.3 pM against AP, pre-formed fibrils. Moreover,
WGalNAc displayed less immunogenicity, enhanced proteolytic
stability, and showed blood-brain barrier (BBB) permeability.
The in vitro and cell-based assays depicted WGalNAc as a
potential therapeutic candidate for AD therapy. However, the
molecular mechanism through which WGalNAc interacts
with AB,, assemblies leading to its destabilization is not clear.
Thus, the disruption mechanism of WGalNAc against AP,
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protofibrils is explored using MD simulations. To our knowl-
edge, this work is the first to delineate the WGalNAc-induced
structural distortions in AP, protofibrils. The studies illumi-
nating the destabilization mechanism of various inhibitors
against the toxic AB,, oligomers of varying size are worthy for
developing new inhibitors of AB,, fibrillation with the proto-
fibril disruptive effect in AD.

2. Computational details

2.1. Structural details of Af,, protofibril and WGalNAc

The MD simulations of the AB,, protofibril alone and in the
presence of WGalNAc (designated as the 50QV protofibril and
50QV protofibril-WGalNAc, respectively) have been performed
in this work (Table 1). The LS-shaped AB4, protofibril (PDB:
50QV)"" was chosen to elucidate the destabilization potential
of WGalNAc as it is reported as the smallest stable full-length
structure of APy, protofibrils [Fig. 1(a and b)],** whereas other
structures are AB fragments (PDB: 2MXU ABy;_45,>> 5KK3 ABy1_45,"°
2BEG AB17_42,°* 2LMN ABo_40,>> and 5AEF AB;5_4,°°). The single
chain of the 50QV protofibril comprises three p-strand regions

Table 1 MD simulation details for the chosen systems

TIP3P water
molecules

Simulation Box dimensions

System time (ns) (nm)

50QV protofibril 500 x 3
50QV protofibril-WGalNAc 500 x 3

8.55 x 8.55 x 8.55 19677
8.55 x 8.55 X 8.55 19667

@ ®)
Core-3 N-terminus
(A30,132, Core-1
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B1 (3-22), B2 (28-35), and B3 (41-42) along with a kink
at Tyr10."" Notably, hydrophobic cores (core 1: Ala2, Phe4,
Leu34, and, Val36; core 2: Leul7, Phe19, and, Ile31, and
core 3: Ala30, Ile32, Met35, and, Val40) and Lys28-Ala42 salt
bridge interactions stabilize the LS-shaped morphology of the
50QV protofibril (Fig. 1a)."" The 2D chemical structure of WGal-
NAc was drawn using ChemDraw Ultra 16.0 (Fig. 1c).’” The
WGalNAc structure was energy minimized using Chem3D Ultra
and geometry was optimized using Gaussian09°® and the Hartree-
Fock (HF) method with the 6-31G* basis set.** The AMBER99SB-
ILDN force field*® parameters for WGalNAc were elucidated using
Automated Topology Builder (ATB).*' Numerous studies have
employed ATB to generate initial ligand topologies.**>*>

2.2. Molecular docking

The intermolecular interactions between the 50QV protofibril
and WGalNAc were assessed using AutoDock Vina 1.1** and
Molegro Virtual Docker (MVD) tools.** The PDBQT files for the
50QV protofibril and WGalNAc were generated using AutoDock
tools.”” The polar hydrogens have been added to the 50QV
protofibril. The Kollman and Gasteiger charges were assigned
to the 50QV protofibril and WGalNAc, respectively, during
molecular docking. The 50QV protofibril was modelled as
rigid, while WGalNAc was kept flexible in blind docking.
A docking grid of dimensions 114 A x 126 A x116 A with a
grid spacing of 0.436 A along with axial centers at x = 69.817,
y = 48.428, and z = 54.249 was chosen for 50QV protofibril-
WGalNAc. The default exhaustiveness was used and a total of

N-terminus

C—terminus

F20

17 21 30 42
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
1 16 22 29

Central  Loop region
hydrophobic (22-29)

core

17-21)

C-terminus
residues (30-42)

N-terminus
residues (1-16)

Fig. 1 Cartoon representation of the 50QV protofibril comprising chains A, B, C, and D with N- and C-termini labeled (panel a). A single chain of
protofibrils in the cartoon with side chains in sticks with the AP, sequence underneath the cartoon (panel b). The aggregation-competent central
hydrophobic core (CHC) region is depicted in blue in the AB4,> sequence. 2D chemical structure of WGalNAc (panel c).
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9 docked poses were examined. The Lamarckian genetic algo-
rithm (LGA),*® which employs Genetic and Solis & Wets®’
algorithms for global and local search, respectively, was
employed to produce the docked poses. The docked conforma-
tions were examined using AutoDock Tools, PyMOL, and
LigPlot+,*>*8

2.3. MD simulation setup

The conformational ensembles were generated using GRO-
MACS 5.0.7 software.”” The AMBER99SB-ILDN force field was
used as it has been extensively employed to explore the struc-
tural changes in the AP peptide upon the incorporation of
various inhibitors.>® The 50QV protofibril was kept in a cubic
box®! of dimensions 8.55 x 8.55 x 8.55 nm®, and the TIP3P
water model®*> was used. To preserve the overall neutrality at
physiological pH, the addition of 0.15 M NaCl (with the
required Na' and Cl~ ions) was achieved in each simulated
system.'®® Both systems were equilibrated through NVT and
NPT for 500 ps at 310 K. The temperature (310 K) was kept
constant by the V-scaling method®® (coupling time constant =
0.1 ps) and pressure (1 bar) was upheld using a Parrinello-
Rahman barostat® (coupling time constant = 2 ps). A distance
of 1.0 nm was set as a cutoff value for short-range van der Waals
interactions, whereas the particle mesh Ewald (PME) method>®
was used for evaluating the long-range electrostatic interac-
tions. The LINCS algorithm®” was used to constrain the bond
lengths and the SETTLE algorithm®® for restraining water
molecules (integration time step = 2 fs). To scrutinize the
reliability of MD ensembles, simulations of the 50QV proto-
fibril and 50QV protofibril-WGalNAc were performed at differ-
ent initial velocities.

2.4. MD analysis

The trajectories were analyzed using GROMACS tools and the
conformational snapshots were visualized using PyMOL.**” The
gmx rms, gmx gyrate, and gmx sasa were used for structural
stability analysis. The impact of WGalNAc on the secondary
structures and hydrogen bonds in the 50QV protofibril was
assessed using gmx do_dssp and gmx hbond, respectively. A
hydrogen bond was considered when the distance between the
donor and the acceptor was <0.35 nm and the hydrogen-
donor-acceptor angle was <30°.*°°%? The heavy atom contacts
between the 50QV protofibril and WGalNAc were calculated
using gmx mindist with a distance cutoff of <0.54 nm. The
influence of WGalNAc on side chain-side chain interactions in
the 50QV protofibril was assessed using gmx mdmat. The
clustering analysis was done by the Daura et al.>° approach
and conformational clusters were obtained using the gmx
cluster tool at a cutoff of 0.35 nm. The centroid distance
between two aromatic rings is considered to be <0.70 nm to
form n-n stacking interactions.®® The n—r interactions can be
classified into three categories: parallel (0-30°), herringbone
(30-60°), and T-shaped (60-90°).>*** The kink angle (0) at the
Tyr10 was determined using gmx angle.

The binding free energy of 50QV protofibril-WGalNAc was
evaluated for 10 ns at 20 ps using the MM-PBSA (molecular
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mechanics Poisson-Boltzmann surface area) method by utiliz-
ing g mmpbsa.®* The entropy calculations were neglected
while evaluating the binding free energy following previous
studies.®?

2.5. Estimation of NMR chemical shifts and *Jy;;_p, coupling
constants

The NMR chemical shifts for Ca and CB atoms of the char-
acteristic conformation of the highest populated conforma-
tional cluster of the 50QV protofibril were computed using
SHIFTX2.°* The chemical shifts obtained from the simulation
data were compared with the chemical shift of the 50QV
protofibril obtained from BMRB (entry = 27212).°° The
TALOS-N program®® was used to calculate J-coupling (*/nii_tix)
constants between NH-Ho protons of the 50QV protofibril
using the Karplus®” equation and they were compared with
the *Jnp_n. experimental values.

3] = Acos®0 + Bcosf + C

where A = 6.4; B= —1.4; and C = 1.9 (units of A, B, and C in Hz)
are Karplus parameters and 6 = ¢ — 60° (¢ is the Hy-N-C,-H,,
dihedral angle).

2.6. ADMET properties

ADMETboost software was utilized to predict the ADMET
(absorption, distribution, metabolism, excretion, and toxicity)
characteristics of WGalNAc.®® To evaluate the ADMET proper-
ties of WGalNAc, the platform ADMETIlab 2.0 was used.®

3. Results and discussion

3.1. WGalNAc binds in the CHC region of chain A of the 50QV
protofibril

The low molecular weight AB,, oligomers comprising tetra-
mers, pentamers, and hexamers displayed much higher toxicity
to the neuronal cells and led to synaptic dysfunction.”® Thus,
the destabilization potential of WGalNAc towards AB,, oligo-
mers was examined using Ay, protofibrils (PDB: 50QV). The
WGalNAc was docked to the 50QV protofibril to explore the key
interactions of WGalNAc with the 50QV protofibril. WGalNAc
was situated distant from the 50QV protofibril in the initial
conformation (Fig. S1, ESIt). However, upon docking, hydrogen
bonds were formed with Val18, Phe20, and Glu22 of chain A of
the 50QV protofibril in the most favourable docked conforma-
tion, exhibiting a binding energy of -6.60 kcal mol " (Fig. S1
and Table S1, ESIt). The three highest-ranked docked poses of
WGalNAc with the 50QV protofibril exhibit binding energies
ranging from -6.60 to -5.80 kcal mol " (Table S2, ESIt). Visual
inspection of these top three docked conformations reveals the
binding of WGalNAc to the same region of the 50QV protofibril
(Table S2, ESIT). The docking results are consistent with Mal-
lesh et al., who reported a binding energy of —6.20 kcal mol "
between A, protofibrils (PDB: 2BEG) and a benzothiazole-
based fluorescent probe RM-28 using AutoDock Vina.”' Another
study reported a binding energy of —6.00 kcal mol " between
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ARy, protofibrils (PDB: 2NAO) and a gallic acid-glutamine
conjugate (GA-Q).”*

Furthermore, the effect of the initial distance and relative
position between the 50QV protofibril and WGalNAc was
explored on the binding sites and interactions of WGalNAc
with the 50QV protofibril (Table S3, ESIt). The distance
between the 50QV protofibril and WGalNAc was increased
and molecular docking was performed (Fig. S2b, ESIY).
The docking results displayed a favourable binding energy of
-6.70 kcal mol ™" (Table S3, ESIt). WGalNAc was noted to bind
in the CHC region of chain A of the 50QV protofibril forming
hydrogen bonds with Phe20 (A) and Glu22 (A) of the 50QV
protofibril (Fig. S2b and Table S3, ESIf), which was almost
similar to the docked pose in which the position of WGalNAc
was not perturbed (Table S1, ESIt). Moreover, WGalNAc formed
hydrophobic contacts with Phe19 (A), Ala21 (A), Asp23 (A), and
Gly29 (A) of the 50QV protofibril (Fig. S3b). Furthermore, the
position of WGalNAc was changed and molecular docking was
performed (Fig. S2c). WGalNAc binds to Phe20 (A) of the 50QV
protofibril with a favourable binding energy of -7.10 kcal mol ™+
(Fig. S2c and Table S3, ESIt). Moreover, WGalNAc formed
hydrophobic contacts with Vali8 (A), Phel9 (A), Asn27 (A),
Gly29 (A), Tle31 (A), Phe19 (B), Lys28 (B), Gly29 (B), and Ala30
(B) of the 50QV protofibril (Fig. S3c and Table S3, ESIY).

(@)
N-terminus _ -~
-
C—terminus
(b) Phe19 (A)
D
ALY
Asn27 ( (%

NE

M
Ala2l (A)
Fig. 2
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Overall, docking results highlighted the binding of WGalNAc
with the CHC region of the 50QV protofibril irrespective of the
initial distance and position between WGalNAc and the 50QV
protofibril.

The OH of the carboxylic acid of WGalNAc displayed a
hydrogen bond (0.23 nm) with the main chain C=O0 of Vval18
of the 50QV protofibril. The hydrogen atom of the OH group at
the 5’ position of galactose moiety of WGalNAc was involved in
a hydrogen bond (0.28 nm) with main chain C—O0 of Phe20 of
the 50QV protofibril. The oxygen atom at the C1 position of
WGalNAc displayed a hydrogen bond (0.22 nm) with the main
chain NH of Phe20. Other hydrogen bonds were noted between
the OH groups present at 4’ and 5’ positions in the galactose
ring of WGalNAc with the main chain NH (0.20, 0.30, and
0.30 nm) and C—0 of Glu22 (0.25 nm) of the 50QV protofibril
(Fig. 2a). WGalNAc formed hydrophobic contacts with Phe19,
Ala21, and Asn27 of chain A of the 50QV protofibril (Fig. 2b).

Furthermore, the docked pose from MVD highlighted that
WGalNAc displayed hydrophobic contacts with the similar
residues of the 50QV protofibril as observed in the AutoDock
Vina (Table S4, ESIt), which, in turn, validated the molecular
docking results. The examination of the docked poses high-
lighted the favourable binding of WGalNAc to the aggregation-
competent CHC region of chain A of the 50QV protofibril.

. 022 nm

Glu22 (A)

o

Vall$ (A)

1
1
1
1
1
1
1
1
1
o 1
¢ 023 nm X
1
1
1
1
1
1
1
1

Illustration of the docked pose of the 50QV protofibril (cartoon) with WGalNAc (stick) (panel a). WGalNAc displayed hydrogen bonds with chain A

residues of the 50QV protofibril (enlarged view). A 2D interaction map generated using LigPlot+ depicts the hydrophobic contacts between the 50QV

protofibril and WGalNAc (panel b).
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Furthermore, atomistic details of the binding of WGalNAc to
the AB,, protofibril leading to its destabilization were examined
using MD simulations.

3.2. Comparison of chemical shifts and *Jxy_y, coupling
constants between experimental and simulated data of the
50QV protofibril

A high correlation between the simulated and experimental
chemical shift values for the Co (R* = 0.86) and CB (R = 0.97)
atoms of the 50QV protofibril has been noted [Fig. S4(a and b),
ESIT], which is consistent with the correlation values of Ca and
CPB chemical shifts (0.88 for Ca and 0.96 for CP) for the AB,,
protofibril (PDB: 50QV) reported by Gong et al.”® Additionally,
three-bond *J-coupling constants were estimated for NH-Ho
protons, which better characterize protein structure as com-
pared to primary chemical shifts. A close agreement between
the average *Jnym_m. coupling constants obtained from the
simulated and experimental data of the 50QV protofibril was
noted (Fig. S4c, ESIT). The high correlation between the simu-
lated and experimental chemical shift values and 3/ g
coupling constants highlights the reliability of the 50QV

protofibril conformational ensemble generated by MD
simulations.
3.3. Structural stability analysis depicts the disruption of the

well-packed p-sheet structure of the 50QV protofibril upon the
incorporation of WGalNAc

For the 50QV protofibril, an average root mean square devia-
tion (RMSD) of 0.33 £ 0.04 nm was noted during simulation
(Fig. 3a). Mohammed et al. investigated the destabilization of
the AB,, protofibril (PDB: 2BEG) upon the inclusion of the
dipeptide p-Trp-Aib using MD and reported an average back-
bone RMSD of 0.30 + 0.01 nm for the protofibril.?* A note-
worthy increase in the RMSD of the 50QV protofibril from 0.33
4 0.04 to 0.73 + 0.17 nm upon the addition of WGalNAc was
noted (Fig. 3a), which indicates the opening up of LS-shaped
morphology of the 50QV protofibril.

The conformational sampling was sufficient as the RMSD
plots of both systems displayed a converged state for 500 ns
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simulation, highlighting the steady state of simulated systems
(Fig. 3a). Additionally, the conformational ensembles generated
by MD were clustered to validate the convergence of the two
systems (Fig. S5, ESIt). The convergence of systems was eval-
uated using the evolution of microstates. For every simulation,
it was observed that the MD ensembles reached equilibrium
and saturated to specified populations in the microstates
defining the converged steady state for both systems.

Furthermore, chain-wise RMSD was calculated to assess the
alterations in various chains of the 50QV protofibril upon the
inclusion of WGalNAc (Fig. 3b). Upon the incorporation of
WGalNAc, the RMSD of chain A of the 50QV protofibril was
increased from 0.42 £ 0.02 to 0.58 £ 0.03 nm. A significant rise
in the RMSD of chain B from 0.34 + 0.02 nm in the 50QV
protofibril to 0.56 £ 0.03 nm in the 50QV protofibril-WGalNAc
complex was observed. Likewise, a noteworthy increase in the
RMSD of chains C and D of the 50QV protofibril, from 0.31 +
0.02 to 0.57 £+ 0.03 and 0.60 £+ 0.03 nm, respectively, was
observed upon the inclusion of WGalNAc (Table S5, ESIT). A
higher RMSD for each chain of the 50QV protofibril in the
presence of WGalNAc indicates distortions within the LS-
shaped protofibrillar structure.

Notably, a higher radius-of-gyration (R,) of 2.01 & 0.09 nm
was noted for 50QV protofibril-WGalNAc as compared to 1.75
+ 0.02 nm for the 50QV protofibril (Fig. 4a), which highlights
structural perturbation of the protofibril upon the incorpora-
tion of WGalNAc. The R, of 1.75 + 0.02 nm in the 50QV
protofibril is consistent with Fang et al., which reported an R,
of 1.72 £ 0.01 nm for the AB,, pentamer (PDB: 50QV).”* Almost
similar values of RMSD (0.38 £ 0.02 nm) and R, (1.75 =+
0.01 nm) for the repeat simulation of the 50QV protofibril
and 50QV protofibril-WGalNAc (RMSD: 0.69 £ 0.03 nm; R,:
1.91 £ 0.10 nm) depict the reliability of the MD ensembles
(Fig. S6, ESIt). Furthermore, the solvent-accessible surface area
(SASA) of the 50QV protofibril was increased from 109.12 +
1.19 to 112.51 + 0.56 nm” with the addition of WGalNAc
(Fig. 4b), which indicates higher accessibility to the solvent
and disruption of the 50QV protofibril structure. The
incorporation of WGalNAc displayed an overall increase of

m50QV protofibril m50QV protofibril- WGalNAc

0.8

g
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e
=
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e
o
L

Chain A Chain B Chain C Chain D

Fig. 3 WGalNAc-induced variations in the overall (panel a) and chain-wise RMSD of the 50QV protofibril (panel b).
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~3.39 nm? in SASA for the 50QV protofibril. A similar increase
in the SASA of the AB,, protofibril upon incorporating licochal-
cone A (~2.72 nm?®), licochalcone B (~4.61 nm®), EGCG
(~3.99 nm?), and apigenin (~4.15 nm?) has been reported
by Fang et al.***7*

Additionally, the conformational snapshots of the 50QV
protofibril and 50QV protofibril-WGalNAc at an interval of
100 ns during simulation depict disorientation of the protofi-
bril chains (Fig. 5). Initially, the protofibrillar chains were close
to each other, and LS-shaped morphology was intact in the
50QV protofibril (Fig. 5, upper panel). However, under the
influence of WGalNAc, the protofibril structure became loose
and expanded, which indicates the disorganization of the
protofibril structure. The disruptive effect of WGalNAc on the
50QV protofibril structure is evident from the shortening of -
strands at the N- and C-termini, which results in the deforma-
tion of the LS-shaped protofibril (Fig. 5, lower panel). The
snapshots at 400 and 500 ns depict the detachment of WGal-
NAc from the CHC region of the 50QV protofibril (Fig. 5), which
is evident from the contact number analysis between WGalNAc

SOQYV protofibril
C 2>,

e —

50QYV protofibril-WGalNAc

Disappearance of B-strands

0ns 100 ns 200 ns
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and CHC region residues of the 50QV protofibril (Fig. S7, ESIT).
Negligible contacts were observed between WGalNAc and CHC
region residues (Leul7, Val18, Phe19, Phe20, and Ala21) of the
50QV protofibril during 325-500 ns of simulation [Fig. S7(a-e),
ESIt], which are consistent with the conformational snapshots
at 400 and 500 ns depicting detachment of WGalNAc from the
CHC region of the 50QV protofibril.

3.4. Effect of WGalNAc on the secondary structure content of
the 50QV protofibril

A decrease in the B-sheet content of the 50QV protofibril from
57.67 + 0.98 to 54.67 £ 0.54% upon the addition of WGalNAc
with a concomitant rise in the coil content from 29.00 £ 0.82 to
32.67 + 0.72% was observed (Table 2). This aligns with the CD
studies, which depicted a substantial reduction in fB-sheet
content in the pre-formed AP,, fibrils confirmed by the
decreased intensity of a negative peak at ~214 nm in the
presence of WGalNAc.*"

Furthermore, the decrease in the p-sheet content of
the 50QV protofibril concurs well with Gao et al,’® who

N \
o W 4
s ¢ —~ A \N Yo 2
=\ \ R\ c 725\ p s
P // /\\ 8‘ Pt )
* ;/ ( = N s R
- = == =)

300 ns 400 ns

500 ns
Fig. 5 Snapshots depicting the structural changes in the 50QV protofibril (upper panel) and 5OQV protofibril-WGalNAc (lower panel) during simulation.
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Table 2 WGalNAc-induced conformational changes in the 50QV
protofibril

Secondary structure 50QV 50QV protofibril-
content (%) protofibril WGalNAc

Helix 0.00 £ 0.00 0.00 £ 0.00
B-sheet” 57.67 £ 0.98 54.67 + 0.54

Coil 29.00 + 0.82 32.67 + 0.72
Bend 11.33 £ 0.27 10.66 £+ 0.27
Turn 0.00 £ 0.00 0.00 + 0.00
Chain_separator 2.00 £ 0.00 2.00 %+ 0.00

¢ B-sheet = B-strand + B-bridge.

reported a decreased B-sheet content of the AB,, protofibril
(PDB: 50QV) upon incorporating protonated and deprotonated
norepinephrine. Furthermore, an increase of 3.67% in the coil
content is consistent with Fang et al., who reported a similar
increase (3.44%) in the coil content of the Af,, pentamer (PDB:
50QV) upon the addition of licochalcone A to destabilize the
protofibril structure.”

A noteworthy decrease in the B-sheet content of Asp7-Tyr10
and Glu22-Leu34 regions of the 50QV protofibril was observed
in the presence of WGalNAc (Fig. 6a). Concomitantly, WGalNAc
increased the coil content in Asp7-Tyr10, Asp23-Leu34, and
val36 of the 50QV protofibril (Fig. 6b), which indicates the
conversion of the B-sheet into a random coil as visualized in the
conformational snapshots (Fig. 5). This is consistent with a
previous study’® in which serotonin lowered B-sheet content at
the N-terminal, whereas melatonin diminished B-sheet content
at the C-terminal region of the AP,, protofibril (PDB: 50QV).
Notably, a decrease in the B-sheet with a concomitant rise in the
coil content was observed for the residues [Leu34 (core 1), Ile31

View Article Online
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(core 2), Ala30, and Ile32 (core 3)] of the hydrophobic cores of
the 50QV protofibril upon the incorporation of WGalNAc
(Fig. 6). In addition, Val36 of core 1 of the 50QV protofibril
displayed a rise in the coil from 11.76 to 14.12% with the
inclusion of WGalNAc (Fig. 6b). A loss of B-sheet and a
concomitant increase in the coil content indicated WGalNAc-
mediated structural distortions in the 50QV protofibril.

3.5. WGalNAc destabilizes the 50QV protofibril by affecting
the hydrogen bonds and hydrophobic contacts critical for its
structural stability

To assess the proximity and direct contacts of WGalNAc with
the 50QV protofibril, the number of contacts was computed
during simulation (Fig. S8, ESIf). The average number of
contacts was 343.03 £ 17.15, indicating strong binding inter-
actions between the 50QV protofibril and WGalNAc. The
intramolecular hydrogen bonds in the 50QV protofibril were
reduced from 118.05 £ 5.90 to 116.80 + 5.84 with the addition
of WGalNAc (Fig. 7a), which depicts the destabilization of the
50QV structure.

Fang et al. reported a marginal decline in intramolecular
hydrogen bonds in the AB,, protofibril (PDB: 2BEG) from 76 +
4 to 74 £ 7 upon the addition of EGCG.*** Furthermore, the
hydrogen bonds between WGalNAc and the 50QV protofibril
have been evaluated during simulation and the average inter-
molecular hydrogen bonds were noted to be 1.50 £ 0.07
(Fig. 7b). This is consistent with Mohammed et al., who
depicted the interaction of p-Trp-Aib with the AB,, protofibril
(PDB: 2BEG) involving one or two hydrogen bonds.”’ The
hydrogen bond analysis depicted the ability of WGalNAc to
partially break the intramolecular hydrogen bonds in the 50QV
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Fig. 6 Residue-wise variation in the B-sheet (panel a) and coil contents

Residue

(panel b) of the 50QV protofibril upon the incorporation of WGalNAc.

Conformational snapshots depict reduced B-sheet and increased coil contents in 50QV protofibril residues (shown in black circles).

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 7336-7355 | 7343


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03330b

Open Access Article. Published on 08 March 2025. Downloaded on 6/27/2026 2:55:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP
@, 180
'g ——S50QYV protofibril
S —— 7 pr il
2 160- SOQV protofibril-WGalNAc
=
&
o0
o
.
E‘o
St
o
g
<
Z. 80 . . . . |
0 100 200 300 400 500
Time (ns)
(©
g 1000 ——50QV protofibril
: - ——50QV protofibritWGalNAc
g ¢ 800+
vi 8
w
E ;§ 600
R
& £ 4004
2~ 200+
g
=
= 0
0 100 200 300 400
Time (ns)

View Article Online

Paper

c,

[+

——50QV protofibril- WGalNAc

gen bonds
o

E =S

w

Number of hydro
~

0 100

200 300

Time (ns)

400 500

500

Fig. 7 WGalNAc modulates intramolecular hydrogen bonds in the 50QV protofibril (panel a). Time-dependent variations in hydrogen bonds between
the 50QV protofibril and WGalNAc (panel b). WGalNAc influences contact within the hydrophobic core-1 of the 50QV protofibril (panel c).

protofibril and simultaneously form hydrogen bonds with the
CHC residues of the 50QV protofibril.

Moreover, WGalNAc exhibited an average of 1.22 £ 0.06,
0.10 £ 0.01, 0.10 + 0.01, and 0.06 &+ 0.01 hydrogen bonds with
the residues of chains A, B, C, and D, respectively, of the 50QV
protofibril (Fig. S9, ESIt). Significantly more hydrogen bonds
between WGalNAc and chain A of the 50QV protofibril indicate
a higher binding affinity of WGalNAc with the residues of chain
A of the 50QV protofibril, consistent with the docking analysis
(Fig. 2).

The hydrophobic contacts between Ala2, Phe4, Leu34, and
Val36 situated in the hydrophobic core 1 of the 50QV proto-
fibril were mainly responsible for maintaining the stability of
the LS-shaped morphology of the protofibril."* The side chain
contacts within the hydrophobic core were significantly
decreased from 503.60 + 25.18 to 439.88 + 21.99 upon the
incorporation of WGalNAc (Fig. 7c). Furthermore, incorpora-
tion of WGalNAc resulted in a decrease of the side chain
contacts within the hydrophobic core 1 of the 50QV protofibril
from 541.28 £+ 27.06 to 517.17 4+ 25.86 and 523.54 + 26.18 to
496.34 £ 24.82 in the repeat simulations 2 and 3 of 500 ns,
respectively (Fig. S10, ESIt). Thus, hydrophobic contacts within

7344 | Phys. Chem. Chem. Phys., 2025, 27, 7336-7355

the hydrophobic core 1 of the 50QV protofibril were disrupted
by the addition of WGalNAc, which, in turn, led to the disor-
ientation of the LS-shaped 50QV protofibril. This is consistent
with the TEM images that depicted no fibrillar network in the
pre-formed Af,, assemblies upon the incorporation of
WGalNAc.>

3.6. WGalNAc reduced the side-chain contacts and weakened
the stability of the 50QV protofibril

The toxic protofibrils are formed by misfolding and aggregation
of ABy, fragments,”® and N- and C-terminus residues of AB,,
play a major role in their aggregation.”®”” The analysis of
intrachain side chain-side chain contacts highlighted that the
tertiary contacts formed between N- and C-terminus residues,
including hydrophobic core 1 residues of chain A (Ala2-Tyr10
and Gly33-val40) and chains B-D (Aspl-Tyr10 and Gly33-
Val40) of the 50QV protofibril, completely disappeared in the
presence of WGalNAc (Fig. 8 and Fig. S11(a-f), ESIt). Moreover,
interchain side chain-side chain contact analysis depicted that
residue contacts of Ala2-Tyr10 with Ile32-Val40 involving
hydrophobic core 1 residues between different chains (A-B,
B-C, and C-D) of the 50QV protofibril were disrupted upon the

This journal is © the Owner Societies 2025
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Fig. 8 WGalNAc modulates intrachain side-chain contacts in chain A of the 50QV protofibril.

incorporation of WGalNAc [Fig. S12(a-f), ESIf]. Overall, the
results are consistent with the disruption of side chain contacts
in the hydrophobic core 1 of the 50QV protofibril in the
presence of WGalNAc (Fig. 7c). Thus, the disappearance of
intra- and interchain side chain-side chain contacts in the
50QV protofibril indicates WGalNAc-induced distortion in the
protofibril structure.

The analysis of conformational microstates unveiled struc-
tural alterations resulting in distortions within the 50QV pro-
tofibril upon the addition of WGalNAc (Table S6, ESIf).
Significantly, a twenty-fold rise in the conformational micro-
states, increasing from 7 in the 50QV protofibril to 145 in
50QV protofibril-WGalNAc, indicates higher conformational
variability and reduced structural stability of the 50QV proto-
fibril upon incorporating WGalNAc. The top three microstate
samples with 78.71, 15.55, and 5.39% conformations were
observed in the 50QV protofibril, which were decreased to
34.04, 28.45, and 9.43% in 50QV protofibril-WGalNAc, indicat-
ing a decrease in the conformational stability of the 50QV
protofibril.

Furthermore, the characteristic conformations of the top
three clusters were visualized to analyze key binding interac-
tions between the 50QV protofibril and WGalNAc (Fig. 9). As n—
n interactions among aromatic residues play an important role
in the thermodynamic stability of amyloids and direct the
kinetics of amyloid formation,”® n-n interactions were exam-
ined in the representative member of the populated cluster
(m;) of 50QV protofibril-WGalNAc (Fig. 9a). The AR CHC
residues (Phe19 and Phe20) are involved in the n-r stacking
interactions in the fibrillar structure and enhance the

This journal is © the Owner Societies 2025

structural stability of AP aggregates.”” The Phe19 (chain A) of
the 50QV protofibril displayed n-n interaction (0.63 nm) with
the indole moiety of tryptophan of WGalNAc in m, conforma-
tion (Fig. 9a), which, in turn, interferes in the n-n interactions
among phenylalanine residues of neighbouring chains, result-
ing in the loosening of chains of the 50QV protofibril. To check
the stacking pattern of the n-n stacking interactions between
Phe19 (chain A) and the indole moiety of tryptophan of WGal-
NAc, the angle between planes of two aromatic rings was
evaluated during simulation (Fig. S13, ESIt). The average angle
between Phe19 (chain A) and the indole moiety of tryptophan of
WGalNAc was observed to be 73.88° during simulation, which
indicates a T-shaped aromatic stacking pattern.

The residues of chain A of the 50QV protofibril were
involved in hydrogen bond formation in m;, m,, and mj. In
m;,, the mainchain hydrogen atom of NH and C—=O of Phe20 of
the 50QV protofibril displayed hydrogen bonds (0.22 and
0.26 nm) with C=0 of C3 and NH of C4 of WGalNAc, respec-
tively. The mainchain hydrogen atom of NH of Glu22 of the
50QV protofibril formed a hydrogen bond (0.24 nm) with C—=0
of the acetyl group of WGalNAc in m, (Fig. 9a). In mj,, the
mainchain C=0 of Ala30 of the 50QV protofibril formed
hydrogen bonds (0.22 and 0.27 nm) with hydrogen atoms of
OH at the 6’ position and NH attached to C4 of WGalNAc.
Another hydrogen bond of distance 0.22 nm was formed by the
mainchain hydrogen atom of Ile32 of the 50QV protofibril with
C—0O0 attached to C3 of WGalNAc (Fig. 9b). In mj3, the Phe20
mainchain C=O0 and hydrogen atom of NH displayed a hydro-
gen bond (0.26 and 0.30 nm) with the hydrogen atom of NH of
the NAc group and with the oxygen atom of C=O at C1,

Phys. Chem. Chem. Phys., 2025, 27, 7336-7355 | 7345
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respectively, of WGalNAc. The mainchain hydrogen atom of NH
of Glu22 was involved in a hydrogen bond (0.19 nm) with C—=0
of acetyl of WGalNAc (Fig. 9c).

In m,, WGalNAc displayed hydrophobic contacts with Phe19
(A), Ala21 (A), Val24 (A), Ala30 (A), Ile31 (A), and Ile32 (A) of the
50QV protofibril (Fig. S14a, ESIT). Hydrophobic contacts were
noticed between Phe19 (A), Ile31 (A), Ile32 (A), and Ala42 (A) of
the 50QV protofibril and WGalNAc in m, (Fig. S14b, ESIt). In
m3, WGalNAc formed hydrophobic contacts with Phe19 (A),
Phe20 (A), Ala21 (A), Val24 (A), Asn27 (A), Ala30 (A), Tle31 (A),
Ile32 (A), and Phe19 (B) of the 50QV protofibril (Fig. S14c,
ESIYt). Interestingly, the N-acetyl moiety of WGalNAc displayed
hydrophobic contacts with Ala21 (A) and Val24 (A) of the 50QV
protofibril in representative conformations [Fig. S14(a and c),
ESIt]. The scrutiny of characteristic conformations depicted the
importance of tryptophan of WGalNAc in the n-r interactions
with Phe19 of 50QV protofibrils, which is consistent with the
experimental study.’" Furthermore, visualization of representa-
tive conformations of the microstates with the highest confor-
mers depicted the involvement of the N-acetyl group of
WGalNAc in binding with the residues of chain A of the
50QV protofibril.

Additionally, the average number of contacts between WGal-
NAc and each residue of the 50QV protofibril was evaluated
(Fig. S15, ESIf). The CHC residues displayed maximum con-
tacts with WGalNAc throughout 500 ns of simulation, high-
lighting the CHC region as the binding region of WGalNAc at
the 50QV protofibril, which is consistent with conformational
clustering analysis (Fig. 9).

3.7. WGalNAc distorts the 50QV protofibril by alterations in
the kink angle

The interactions between His6/His13 and Glul1 stabilize the
kink around Tyr10, resulting in the L-shape of the 50QV
protofibril, whereas the Lys28-Ala42 salt bridges stabilize its

7346 | Phys. Chem. Chem. Phys., 2025, 27, 7336-7355

S-shaped region. The average value for the kink angle was noted
to be 84.67° £ 4.23° for the 50QV protofibril (Fig. 10), which is
consistent with the kink angle value of 82° for the 50QV
protofibril determined by Xu et al.>°° Notably, a higher value
(89.25° & 4.46°) of the kink angle was observed upon incorpor-
ating WGalNAc, which highlights WGalNAc-induced distor-
tions in the LS-shaped 50QV protofibril (Fig. 10). Zhan et al.
reported an increase in the kink angle in the AB,, protofibril
(PDB: 50QV) to 90° in the presence of stereoisomeric flavonoids
(+)-catechin and (—)-catechin.”'® Furthermore, the average
value for the kink angle in the 50QV protofibril was increased
from 85.89° £ 4.29° to 90.88° + 4.54° and 85.76° + 4.29° to
89.56° & 4.48° in the repeat simulations 2 and 3, respectively, in
the presence of WGalNAc (Fig. S16, ESIf), which depicts
WGalNAc-mediated structural distortions in the LS-shaped
50QV protofibril.

3.8. Binding free energy and effect of WGalNAc on the
interchain interactions in the 50QV protofibril

The MM-PBSA analysis depicted a favourable binding free
energy of —21.76 + 2.40 kcal mol™ " between the 50QV proto-
fibril and WGalNAc (Fig. 11a and Table S7, ESIY). Singh et al.
reported a binding free energy of —24.89 + 0.35 kcal mol "
between the AB,, protofibril (PDB: 2BEG) and multifunctional
cholinergic inhibitor, F24.* Hu and coworkers reported a
binding free energy of —25.48 + 6.51 kcal mol ' between the
50QV protofibril and licochalcone A.”*

The van der Waals (AE,qw = -27.16 £ 1.90 kcal) and non-
polar solvation energies (AGpps = -3.12 + 0.20 kcal mol )
favoured the binding of WGalNAc to the 50QV protofibril,
whereas the electrostatic term (AEeje. = 8.17 + 0.40 kcal mol %)
and polar solvation (AGps = 0.35 & 1.10) are not favourable
(Fig. 11a and Table S7, ESIf). The average value of the polar
solvation energies of the 50QV protofibril, WGalNAc, and
50QV protofibril-WGalNAc are noted to be —748.50 + 37.43,
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and —22.80 + 1.14, and —770.95 + 38.55 kcal mol *, respec-
tively (Fig. S17, ESIf). From the calculated polar solvation
energies, it has been observed that WGalNAc interacts favour-
ably with the solvent. However, the change in polar solvation
energy was noted to be unfavourable.

A significant contribution of Phe19 (—2.05 kcal mol %),
Phe20 (—2.99 kecal mol ™), Ile31 (—2.08 keal mol '), and Ile32
(—1.56 keal mol ™) of chain A of the 50QV protofibril was noted
towards binding with WGalNAc (Fig. 12). This is consistent with
conformational snapshots depicting the hydrogen bonds
between WGalNAc and Phe20 of the 50QV protofibril in m,
and m; (Fig. 9). Furthermore, n-n interactions between Phe19
(chain A) of the 50QV protofibril and the benzene ring of
tryptophan in WGalNAc noted in the characteristic conforma-
tions from the clustering analysis depict strong binding of
WGalNAc to the CHC residues Phe19 and Phe20 of chain A of
the 50QV protofibril (Fig. 9). The CHC residues Phe19 and
Phe20 in the AP monomer play a noteworthy role in the
fibrillation of the AP monomer to form neurotoxic Af oligomers
through stacking interactions.”® The Phe19 and Phe20 of chain
A of the 50QV protofibril were involved in binding with
WGalNAc (Fig. 12), which, in turn, prevents the n-n stacking

interactions among phenylalanine residues of the B, C, and D
chains leading to distortions in the 50QV protofibril. The high-
affinity binding of WGalNAc to the core 2 (Phe19 and Ile31) and
core 3 (Ile32) residues of chain A of the 50QV protofibril
interferes with the contacts in the hydrophobic cores of the
50QV protofibril, resulting in its structural distortion.

To investigate the influence of WGalNAc on the structural
distortions in the 50QV protofibril, the interchain binding free
energy was evaluated (Fig. 11b). The binding affinity between the
neighbouring chains of the 50QV protofibril was significantly
reduced from —134.31 + 11.12 to —121.88 + 1.95 keal mol ™!
upon the incorporation of WGalNAc (Table S8, ESIt), which
indicates the weakening of the interchain interactions in the
50QV protofibril. Gong et al. reported lowered interchain binding
affinity in the AP, protofibril (PDB: 50QV) upon incorporating
serotonin and melatonin.” Furthermore, the reduced interchain
binding affinity in the 50QV protofibril upon the addition of
WGalNAc is consistent with the ThT kinetic assay,”’ which
revealed 61% disaggregation of the pre-formed APy, fibrils in
the presence of WGalNAc. The MD simulation results depicted
WGalNAc-mediated structural distortions in the 50QV protofibril,
which are consistent with the experimental results,*" highlighting
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Fig. 11 van der Waals interactions contribute significantly to the binding of WGalNAc to the 50QV protofibril (panel a). Impact of WGalNAc on the

interchain binding affinity in the 50QV protofibril (panel b).
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disaggregation of the pre-formed A,, fibrils upon incubating
with WGalNAc, which, in turn, depicts the reliability of the chosen
parameters of WGalNAc from the ATB server.*'

3.9. In silico prediction of ADMET properties of WGalNAc

WGalNAc showed optimum lipophilicity (log D5 ,), demonstrat-
ing its capacity to permeate biological membranes and dissolve
in body fluids (Table S9, ESIt). To reach their molecular targets,
effective medications targeting the central nervous system
(CNS) must cross the BBB. Importantly, WGalNAc demon-
strated a potent ability to bind with plasma proteins and
penetrate the BBB (Table S9, ESIT). The superior lipophilicity
and BBB permeability of WGalNAc make it a good choice to
enter the bloodstream and reach its target. Furthermore,
WGalNAc did not inhibit the enzymes CYP2C9 or CYP3A4,
which are critical for drug metabolism, suggesting that it has
no negative impact on other medications. Additionally, WGal-
NAc is a promising therapeutic candidate for AD due to its
extended half-life and non-toxic profile.

The exact nature of the toxic oligomer species responsible
for the etiology of AD remains unclear. Thus, studies illuminat-
ing the inhibitory mechanism of various inhibitors to destabi-
lize AP oligomers of different morphologies (U-shaped,” S-
shaped,’®'° double horse-shoe shaped,®’ and LS-shaped'') as
well as sizes are worthy for the rational design of new inhibitors
to alleviate AB,, aggregate-induced neurotoxicity in AD. The
hydrogen bond interactions and hydrophobic contacts are
believed to be critical for the inhibitory potential of the inhibitors;
however, all inhibitors do not display identical interactions with
the APy, monomer/oligomers.**"*%%> Thus, the mechanistic
insights into the disruption of the AB,, protofibril by WGalNAc
have been explored using MD simulations in this work, which, in
turn, will provide key clues for the rational design of new potent
therapeutic candidates against Ay, fibrillation and disruption of
pre-formed neurotoxic oligomers in AD.

4. Conclusions

In this work, the destabilization potential of a highly soluble
tryptophan-galactosylamine conjugate WGalNAc against the

7348 | Phys. Chem. Chem. Phys., 2025, 27, 7336-7355

AB,, protofibril (PDB: 50QV) was investigated using computa-
tional techniques. WGalNAc binds in the aggregation-prone
CHC region of chain A of the 50QV protofibril. A noteworthy
increase in the average RMSD of the 50QV protofibril upon the
addition of WGalNAc indicated a distortion in the LS-shaped
50QV protofibril. Notably, a decline in the -sheet content with
a concomitant rise in the coil content of the 50QV protofibril
was noted upon the incorporation of WGalNAc, which is
consistent with a substantial reduction in B-sheet content in
the pre-formed AB,, fibrils upon incubation with WGalNAc in
the CD studies. A noteworthy contribution of Phe19 (—2.05 kcal
mol ') and Phe20 (—2.99 kcal mol ') of chain A of the 50QV
protofibril to binding with WGalNAc was observed, which, in
turn, prevented the m-rn interactions between phenylalanine
residues of the B, C, and D chains. MM-PBSA analysis depicted
reduced binding affinity between the neighbouring chains of
the 50QV protofibril upon adding WGalNAc, which is consis-
tent with the disruption of the side chain contacts between
interchain residues, leading to structural distortions in the
50QV protofibril. MD simulations illuminated the critical role
of tryptophan and N-acetyl moieties of WGalNAc in the binding
interactions with the 50QV protofibril. The atomistic-level
insights into the distortion of the 50QV protofibril upon the
incorporation of WGalNAc illuminated in this work will be
highly beneficial for developing highly specific and selective
therapeutic candidates to disrupt toxic A oligomers implicated
in AD pathogenesis.

Data availability

The computational data related to the findings of this work are
available within the article and uploaded supporting informa-
tion. The software programs available in the public domain
have been utilized to generate the data reported in this work.
The molecular docking data were obtained using AutoDock
Vina 1.1 (https://vina.scripps.edu/) and Molegro Virtual Docker
(MVD) (https://molexus.io/molegro-virtual-docker/) tools. The
molecular dynamics simulation data were generated using
GROMACS (https://www.gromacs.org/). The NMR chemical
shifts for Ca and CPB atoms of the characteristic conformation
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of the highest populated conformational cluster of the 50QV
protofibril were computed using SHIFTX2 (https://www.shiftx2.
ca/). The binding free energy of 50QV protofibril-WGalNAc was
evaluated using the MM-PBSA (molecular mechanics Poisson-
Boltzmann surface area) method by utilizing g mmpbsa avail-
able in GROMACS. The trajectories were analyzed using GRO-
MACS tools and the conformational snapshots were visualized
using PyMOL (https://pymol.org/2/). The ADMET properties of
WGalNAc were evaluated using the platform ADMETIlab 2.0
(https://admetmesh.scbdd.com/). The data were analyzed using
Origin (plots and statistics, https://www.originlab.com/). The
figures were prepared using Microsoft Powerpoint (https://
www.microsoft.com/en-in/microsoft-365/powerpoint) and
Adobe Photoshop CS3 Extended (https://www.adobe.com/).
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