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Amyloid-B (AB) peptides aggregate spontaneously into various aggregating species comprising oligo-
mers, protofibrils, and mature fibrils in Alzheimer's disease (AD). Disrupting B-sheet rich neurotoxic
smaller soluble AB4, oligomers formed at early stages is considered a potent strategy to interfere
with AD pathology. Previous experiments have demonstrated the inhibition of the early stages of AP
aggregation by baicalein; however, the molecular mechanism behind inhibition remains largely
unknown. Thus, in this work, molecular dynamics (MD) simulations have been employed to illuminate
the molecular mechanism of baicalein-induced destabilization of preformed A4, protofibrils. Baicalein
binds to chain A of the AB4, protofibril through hydrogen bonds, n—= interactions, and hydrophobic
contacts with the central hydrophobic core (CHC) residues of the AB4, protofibril. The binding of baica-
lein to the CHC region of the AB4, protofibril resulted in the elongation of the kink angle and disruption
of K28-A42 salt bridges, which resulted in the distortion of the protofibril structure. Importantly, the
B-sheet content was notably reduced in AB4, protofibrils upon incorporation of baicalein with a conco-
mitant increase in the coil content, which is consistent with ThT fluorescence and AFM images depicting
disaggregation of pre-existing AB4, fibrils on the incorporation of baicalein. Remarkably, the interchain
binding affinity in AB4, protofibrils was notably reduced in the presence of baicalein leading to distortion
in the overall structure, which agrees with the structural stability analyses and conformational snapshots.
This work sheds light on the molecular mechanism of baicalein in disrupting the AP4> protofibril
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structure, which will be beneficial to the design of therapeutic candidates against disrupting B-sheet rich

rsc.li/pcecp neurotoxic AB4, oligomers in AD.
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1. Introduction
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+ Electronic supplementary information (ESI) available: Input conformation of
the AP, protofibril and baicalein for molecular docking, the top nine docked
conformations of baicalein with the AP,, protofibril, 2D interaction maps
displaying hydrophobic contacts of baicalein with the AB,, protofibril in the
top nine docked conformations, the correlation between simulation (d,) and
experimental (Jexp) NMR data of the APy, protofibril, RMSF of each chain of
protofibril during the simulation, RMSF and R, variations in repeat simulations,
modulation of contacts in the hydrophobic core of 50QV on the inclusion of
baicalein, kink angle distribution, and K28-A42 salt bridge distribution are
shown in Fig. S1-S10. The molecular docking results, AB,, protofibril residues
involved in intermolecular hydrophobic contacts with baicalein in the top nine
docked poses, hydrogen bonds between H6-E11 and E11-H13 of the APy,
protofibril, and secondary structure composition of the control and baicalein
systems for repeat simulations are reported in Tables S1-S4. See DOI: https://doi.
0rg/10.1039/d3cp06006¢
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§ Present address: National Institute of Immunology, Aruna Asaf Ali Marg,
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Alzheimer’s disease (AD) is a neurodegenerative disease
marked by progressive cognitive decline and memory loss along
with changes in behavioural and social abilities." According to
Alzheimer’s Disease International, dementia affects ~ 55 million
people globally with the prevision of becoming 139 million by
2050.> AD is characterized by an extracellular abnormal protein
accumulation called amyloids® and intracellular neurofibrillary
tangles in the brain. In AD, the amyloids are composed of
B-sheet rich neurotoxic fibrillar aggregates of amyloid-B (AB).*
AP is a 39 to 42 amino acid peptide produced from the cleavage
of amyloid precursor protein (APP) by B- and y-secretases. AP
being an intrinsically disordered protein, numerous U-shaped,’
S-shaped,® and LS-shaped” AP oligomers with two-fold or three-
fold symmetry® have been reported as cytotoxic species.’
Currently, FDA-approved drugs such as galantamine, rivas-
tigmine, and donepezil are cholinesterase inhibitors and provide
only temporary relief from the symptoms of AD. Thus, there is a
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requirement for new drug candidates that can inhibit or reverse
AD progression. Since the deposition of A is intimately linked to
the onset of AD pathogenesis, targeting AP} aggregation is consid-
ered a key therapeutic strategy against AD.'® Furthermore, the
recent approval of the humanized IgGI monoclonal antibody
lecanemab by the FDA for treating AD in its early stages has
sparked interest in the development of new chemical entities
(NCEs) against AB aggregation.'

The application of small molecules, particularly polyphenols
and flavonoids, to target different aggregated species generated
during the aggregation pathway has emerged as a promising
approach. The phenolic hydroxyl groups and phenyl rings
in polyphenols or flavonoids interact with the hydrophobic
residues and aromatic groups present in the amyloidogenic
proteins and inhibit the self-aggregation of proteins.'” Baica-
lein (5,6,7-trihydroxy flavone), a naturally occurring flavonoid
obtained from the herb Scutellaria baicalensis Georgi, has been
explored for its anti-aggregation behaviour against AP
peptide,”® a-synuclein,'* superoxide dismutase I (SOD1)" and
lysozyme.*®

Recently, experimental studies have highlighted the key role
of baicalein in modulating neurotoxicity induced by AP aggre-
gates. In 2011, Lu et al. reported that baicalein inhibited
AR fibrillation and oligomerization, disaggregated the pre-
assembled amyloid fibrils, and alleviated the neurotoxicity
induced by AP aggregates."> The fluorescence intensity of
thioflavin T (ThT) was almost completely inhibited when AB,,
was co-incubated with 30 uM baicalein and A,, fibrillation was
inhibited in a dose-dependent manner (ICs, = 1.35 puM).
Furthermore, baicalein disaggregated the preformed Ap,,
fibrils to an amorphous state as demonstrated using electron
microscopy. Baicalein rescued PC12 cells from A,, induced
cytotoxicity (the cell viability was 43.5% at 15 uM concentration
of AB,,) in a dose-dependent manner and the cell viability
increased to 67% at 30 pM concentration of baicalein. As shown
from the atomic force microscopy (AFM) images, when AB,, is
incubated with baicalein, the globular crystalloid aggregates of
APy, become smaller and long fibrils dissociate into globular
deposits, highlighting the disaggregation effect of baicalein."”
Another study by Wang and coworkers reported that baicalein
rescued synaptic plasticity and memory loss in the AD mouse
model."®

Despite its noteworthy properties, the binding interactions
of baicalein on AP oligomers and the molecular mechanism of
AP fibril destabilization remain elusive. Thus, in this work, the
disruptive ability of baicalein on AP protofibrils was examined
using molecular dynamics (MD) simulations. Complementary
to experiments, MD simulations illuminate underlying key
interactions between proteins and small-molecule inhibitors
and are widely employed to illuminate the binding interactions
and molecular mechanism of protofibril destabilization of
various small molecules."® Zheng and coworkers reported that
tanshinone I and tanshinone IIA block A protofibril associa-
tion into fibrillar aggregates by preferentially binding to the
hydrophobic fB-sheet groove created by residues spanning
the C-terminal regions I131-M35 and M35-V39 and various
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aromatic residues of the U-shaped AP pentamer.*® Using
coarse-grained MD simulations, Wang et al. demonstrated the
distinct inhibitory effects of epigallocatechin gallate (EGCG),
resveratrol, curcumin, and vanillin on AB;, ;¢ aggregation.”!
Martin et al. examined curcumin-induced ABy 4, protofibril
destabilization using all-atom MD simulations and reported
that curcumin blocked AP fibrillization by attaching to hydro-
phobic regions on the protofibril surface.>> Gupta and Dasma-
hapatra depicted that caffeine altered the AB,,_4, protofibrils by
weakening the D23-K28 salt bridges and hydrophobic contacts
between A21-V36 and F19-G38.>* Zhan et al. employed all-atom
MD simulations to demonstrate that EGCG and epigallocate-
chin (EGC) disrupt AP protofibrils with EGCG having a stronger
disruptive potential than EGC due to the presence of a gallic
acid ester group in EGCG.>*

To the best of our knowledge, no study has illuminated the
molecular mechanism of destabilization of recently cryogenic
electron microscopy (cryo-EM) resolved LS-shaped AP proto-
fibrils (PDB ID: 50QV) by baicalein using MD simulations.
The key insights from the baicalein-induced destabilization of
LS-shaped AP protofibrils in this work will inspire the develop-
ment of NCEs against AP aggregates and other cytotoxic oligo-
meric species implicated in chronic amyloid diseases.

2. Computational details

2.1 Molecular docking

The AB,, fibril (PDB ID: 50QV) resolved using cryo-EM was
employed in this work to model the protofibril (Fig. 1(a)).” The
50QV structure comprises two intertwined protofibrils, a tetra-
mer and pentamer, with LS-shaped morphology. The Af,,
tetramer was chosen as a model for AB,, protofibrils in this
work as it has been reported as the minimal nucleus of AB,,
protofibrils.** Furthermore, a previous experimental work high-
lighted that the AP4, tetramer can eliminate the lag phase
during fibril elongation.>® Molecular docking was performed
using AutoDock Vina, and a grid box with dimensions 98 x
112 x 80 A® was employed for AB,, protofibrils. PyMOL?® and
Ligplot+*” were employed to visualize the docking poses and
identify AP,, protofibril residues displaying interactions with
baicalein (Fig. 1(b)).

2.2 Details of MD simulations

Two isolated systems, AB,, protofibril (designated as control)
and APy, protofibril-baicalein complex (designated as baica-
lein), were employed for all-atom MD simulations using the
AMBER99SB-ILDN*® force field in GROMACS* software
(Table 1). The force field parameters of baicalein were gener-
ated using ATB (Automated Topology Builder).** The Ay,
protofibril was positioned in the centre of a cubic box'?*3*
(8.55 nm x 8.55 nm X 8.55 nm) with a minimum of 1.0 nm
distance between the solute and box edges. The overall neu-
trality at physiological pH was maintained by adding 0.15 M
NaCl to each system. Following energy minimization, the
control and baicalein systems were solvated with 19677 and
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(b)

Baicalein

Fig. 1 Structural illustration of the LS-shaped AB4, protofibril (PDB ID: 50QV) in a cartoon (panel (a)). The chemical structure of baicalein is shown in

panel (b).

Table 1 System details for MD simulations

Simulation Box dimensions TIP3P water
System length? (ns) (nm) molecules
Control® 500 x 2 8.5 X 8.5 x 8.5 19677
Baicalein 500 x 2 8.5 X 8.5 x 8.5 19664

@ AB,, protofibril (PDB ID: 50QV). > AMBER99SB-ILDN force field was
employed in the simulations.

19 664 transferable intermolecular potential with 3 point (TIP3P)**
water molecules, respectively. The particle mesh Ewald (PME)
method was employed to treat long-range electrostatic inter-
actions.®® The systems were equilibrated for 500 ps in the NVT
ensemble and 500 ps in the NPT ensemble after energy mini-
mization by the steepest descent method. Using a Parrinello-
Rahman barostat®* and a velocity rescale thermostat,** an MD
simulation of length 500 ns was performed for each system at 1
bar and 310 K.

2.3 MD analysis

Several GROMACS tools were used to analyze the MD trajec-
tories. The analyses have been performed on the last 400 ns of
the MD trajectories. The structural changes in Af,, protofibrils
upon incorporation of baicalein were monitored using gmx
rmsf. The radius-of-gyration (R,) was determined using gmx
gyrate. The effect of baicalein on the secondary structure of Af,,
protofibrils was assessed using the dictionary of the secondary
structure of proteins (DSSP).*® The conformations were deter-
mined using the gmx cluster by employing the Daura et al.
algorithm.?” The contacts between AP, residues with and
without baicalein were examined using the gmx mdmat tool.
The molecular mechanics Poisson-Boltzmann surface area
(MM-PBSA) approach was used to determine the binding affi-
nity of baicalein with A,, protofibrils using the GROMACS
tool g mmpbsa.®® Furthermore, residue-wise interactions and
interchain binding free energy analyses were performed using
g mmpbsa. The relative binding free energy of the AB,,
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protofibril-baicalein complex was evaluated. The absolute
binding free energy is overestimated by MM-PBSA; however,
the relative binding affinities are adequate. Thus, following
prior computational studies, the binding free energy was
determined without taking into account conformational
entropy. The NMR chemical shifts of the Co and CB atoms of
the central member of the first microstate (m;) of AB,, proto-
fibrils were evaluated using SHIFTX2.*° The chemical shifts of
AB,4, protofibrils from the biological magnetic resonance data
bank were compared with the values obtained from the
simulation.”*° The three bond J-coupling (*/xm-1i,) constants
between the amide proton and the Ho atom were evaluated
as previously described®' and compared with experimental
3 Intino values.

3. Results and discussion

3.1 Decoding the binding interactions of baicalein with Af,,
protofibrils

The binding regions of baicalein on AB,, protofibrils were
examined using molecular docking. Baicalein was situated
away from the aggregation-prone central hydrophobic core*?
(CHC) region of AB,, protofibrils in the input conformation for
molecular docking (Fig. S1(a), ESIf). Baicalein moves and
binds to the residues of the CHC region of chain A of AB,,
protofibrils in the best-docked pose with a binding energy of
—6.9 kcal mol " (Fig. S1(b) and Table S1, ESIt). The analysis of
the top nine docked poses highlights that baicalein binds to
nearly the same region (CHC region of chain A) of APy,
protofibrils in all poses with binding energies ranging from
—6.9 to —5.4 kcal mol " (Fig. S2, S3, and Table S2, ESI¥). In the
best-docked pose, the oxygen atom of OH(4) and the hydrogen
atom of OH(5) of baicalein display hydrogen bonding interac-
tions with the backbone NH and CO, respectively, of Glu22(A)
of AP, protofibrils (Fig. 2(a)). Baicalein displays n-n interac-
tions with the CHC region residue Phe19(A)."* Baicalein

This journal is © the Owner Societies 2024
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Fig. 2 Binding pose of baicalein (sticks) on AB4, protofibrils (cartoon) with hydrogen bonds and n—n interactions shown in the inset (panel (a)).

Hydrophobic contacts of baicalein with AB4, protofibrils (panel (b)).

displays hydrophobic contacts with Phe19(A), Phe20(A), Asp23(A),
Val24(A), Asn27(A) and Gly29(A) of AB,, protofibrils (Fig. 2(b)).

3.2 Validation of conformational ensembles by MD using
NMR data

To validate the simulation data, the conformational ensemble
of the AB,, protofibril was compared with the NMR data. The
chemical shifts of Ca and Cp atoms from the simulation data
agree well with the observed NMR chemical shifts (R* = 0.92 for
Co and 0.96 for CP) [Fig. S4(a) and (b), ESIt]. Gong et al
reported similar correlation coefficients for Co atoms (R> =
0.88) and CB atoms (R*> = 0.96).* Additionally, the average
3 Inn-1o coupling constant value from MD simulations is nearly
identical to the experimental *Jyy_, value®® (Fig. S4(c), ESIT).
The chemical shifts and */yy_ma coupling constant values
generated from the MD simulation data match well with
experimental values.
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3.3 Impact of baicalein on the structural stability of Af,,
protofibrils

The root-mean-square fluctuation (RMSF) analysis depicts a
notably higher average value of 0.28 £ 0.01 nm in baicalein as
compared to 0.15 £ 0.02 nm in the control (Fig. 3(a)), which
highlights higher conformational fluctuations in the protofibril
system leading to lower overall stability. Furthermore, higher
fluctuations were noted in each chain of AB,, protofibrils on
the incorporation of baicalein (Fig. S5, ESIt). Notably, residues
20-30 of chain A displayed significant fluctuations depicting
the pronounced effect of baicalein on chain A of the A,,
protofibrils (Fig. S5(b), ESIT).

Furthermore, the compactness of the protofibril structure was
significantly altered with the addition of baicalein (Fig. 3(b)).
A higher radius-of-gyration (R,) value of 1.56 £ 0.14 nm in
baicalein as compared to 1.46 £+ 0.09 nm in the control indicates
the loosening of the well-packed chains in the protofibril. Thus,
notably higher RMSF and R, values in the baicalein system depict

(®) 2,0

control
baicalein

Rg (nm)

100 200 300 400 500
Time (ns)

Fig. 3 Average RMSF (panel (a)) and variations in Rq (panel (b)) in the control and baicalein systems.
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Fig. 4 Conformational sampling in the first three microstates with centra
systems.

a reduced stability of the protofibril structure. Similar RMSF and
R, values were noted in the replicates with random initial velo-
cities, which highlight the repeatability and reproducibility of the
simulation data (Fig. S6 and S7, ESIT).

The conformational sampling in the first two microstates
was remarkably decreased from 55.92 and 31.37% in the
control to 17.52 and 15.55%, respectively, in baicalein, which
indicates conformational heterogeneity in AB,, protofibrils on
the addition of baicalein (Fig. 4).

Baicalein displayed hydrogen bonds and hydrophobic con-
tacts with the residues (region 15-34) of AB,, protofibrils in the
central member of m, (Fig. 5). The clustering analysis depicted
sampling of more diverse conformations in baicalein compared
to the control which is consistent with the RMSF analysis.

The visual inspection of the conformational snapshots of
the control depicts the preservation of the LS-shaped morpho-
logy in the control; however, notable distortion from the initial
structure was noted on incorporating baicalein and the struc-
ture became less ordered (Fig. 6).

The hydrophobic core constituted by F4, L34, and V36
stabilized the 50QV LS-shaped topology.” A notable increase

His13 (B)
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| members in a cartoon for the control (panel (a)) and baicalein (panel (b))

in the distance between the hydrophobic residues F4, L34, and
V36 of the 50QV structure upon inclusion of baicalein depicts
reduced contacts among these residues leading to the distor-
tions in the fibril assembly (Fig. S8, ESIt). Furthermore, visua-
lization of the conformational snapshots depicts that the close
contacts between hydrophobic residues F4, L34, and V36 of
different chains of the 50QV structure got disrupted by the
incorporation of baicalein, indicating the destabilization of the
protofibril structure (Fig. S8, ESIt).

3.4 Effect of baicalein on the kink angle and K28-A42 salt
bridges in Af,, protofibrils

The hydrogen bonds between H6-E11 and E11-H13 stabilize
the kink angle around Y10 (L-shaped portion) while the salt
bridge interactions between K28-A42 stabilize the S-shaped
portion of protofibrils. The baicalein-induced structural diver-
gence from the stable protofibril shape is reflected in the
considerable increase in the kink angle. The average kink angle
was noted to be 88.5° &+ 0.4° in the control. In contrast, the kink
angle was notably increased to 96.2° &+ 0.9° in the presence of

(b) L7} Lys16(A)
2 m
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Fig. 5 Representative conformation of the most-populated microstate depicting a hydrogen bond between baicalein and His13 of chain B of the AB4»
protofibril (panel (a)). 2D map displaying the hydrophobic contacts of baicalein with AB,4, protofibrils in the representative conformation of the most-

populated microstate (panel (b)).
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Fig. 6 Conformational snapshots of the MD trajectory of the control and baicalein systems depicting reduced sampling of B-sheets leading to the

distortion in the protofibril chains in the baicalein system.
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Fig. 7 Time-dependent variations in the kink angle between the H6-Y10 and Y10-H14 segments of AB4, protofibrils with and without baicalein are
shown in panel (a). Conformational snapshots depicting the distortion in the LS-shaped morphology of the 5O0QV protofibril structure due to the
elongation of the kink angle in the baicalein system are shown in panel (b).

baicalein (Fig. 7(a)), which indicates distortion in the L-shaped
portion of the protofibrils. This is consistent with the confor-
mational snapshots that demonstrate the kink angle dramatic
transformation (Fig. 7(b)). Furthermore, the kink angle was
increased in the different chains of the protofibrils upon
incorporation of baicalein, as seen in the distribution curves
of the kink angle (Fig. S9, ESIt), which, in turn, depicts a
destabilization of the LS-shaped morphology of the protofibrils.

As the L-shaped portion of protofibrils is stabilized by the
interactions among H6/H13 and E11 residues, the influence of
baicalein on the H6-E11 and E11-H13 hydrogen bonds was
examined (Table S3, ESIt). The average number of H6-E11
hydrogen bonds was noted to significantly decrease from
0.31 £ 0.10 in the control to 0.02 & 0.01 in baicalein, whereas
hydrogen bonds between E11-H13 increased from 0.25 £ 0.10

This journal is © the Owner Societies 2024

in the control to 0.33 £ 0.12 in baicalein. This is consistent with
Zhan et al. depicting alternation in the H6-E11 and E11-H13
hydrogen bonds in AB,, protofibrils (PDB ID: 50QV) upon
incorporation of EGCG and EGC.>* Thus, modulation in the
hydrogen bonds between H6/H13 and E11 residues depicts
protofibril destabilization upon incorporation of baicalein.
The salt bridge interactions stabilize the A,, protofibril
architecture.®*® The AB;7_42,">* ABo_s0,”® and AP, 4" proto-
fibrils with U-shaped structures are stabilized by K28-D23 salt
bridges, whereas S-shaped® AB,;_4, and LS-shaped’ AB;_4, pro-
tofibrils are stabilized by salt bridge interactions between K28
and A42. The K28-A42 intrachain and interchain salt bridges in
AB,, protofibrils are affected by the incorporation of baicalein
(Fig. 8 and Fig. S10, ESIT). The K28-A42 distances were noted
to be 0.36, 0.47, 0.36, and 0.36 nm in chains A, B, C, and D,

Phys. Chem. Chem. Phys., 2024, 26, 16674-16686 | 16679
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(lower panel). The conformational snapshots display the intrachain salt bridge distance (nm) between K28-A42 in two systems.

respectively, of protofibrils in the control (Fig. 8(b)). In contrast,
the intrachain salt bridge distances were significantly increased
to 1.09, 1.25, 1.18, and 0.95 nm in chains A, B, C, and D,
respectively, of the protofibrils on the incorporation of baica-
lein, which demonstrates the ability of baicalein to destabilize
the protofibril structure by disrupting the K28-A42 salt bridge
interactions, which are considered critical for the protofibril
stability. The interchain salt bridges in the protofibril are
partially destroyed and the disruption was noted to be less
pronounced as compared to the intrachain salt bridges. This is
consistent with Gong et al. depicting greater intrachain
K28-A42 salt bridge disruption as compared to interchain salt
bridges in the AB,, protofibril (PDB ID: 50QV) on the incor-
poration of melatonin and serotonin.**

3.5 Baicalein distorts AB,, protofibrils by modulating side
chain-side chain interactions and solvent-accessible surface
area (SASA)

The side chain-side chain contacts were examined in the
different chains of the AB,, protofibrils on the incorporation
of baicalein (Fig. 9). The LS-shaped morphology of AB,, proto-
fibrils is stabilized by three hydrophobic cores (A2, F4, L34, and

16680 | Phys. Chem. Chem. Phys., 2024, 26, 16674-16686

V36 comprise core 1, core 2 is formed by contacts among L17,
E19, and 131, while the contacts between A30, 132, M35, and
V40 constitute core 3).” A large number of contacts were
observed between the residues of hydrophobic core 1 region
in chains A, B, C, and D of the AB,, protofibril in the control
(Fig. 9, upper panel). In contrast, these contacts were disrupted
in all chains of the AB,, protofibrils upon the incorporation of
baicalein (Fig. 9, lower panel), which in turn depicts the
destabilization of the AB,, protofibrils. Furthermore, the con-
tacts between residues of the hydrophobic core 2 region were
affected in chains A and B of the APB,, protofibrils on the
addition of baicalein. Thus, contact map analysis highlighted
the disruption of the hydrophobic contacts between core 1 and
2 residues in the presence of baicalein leading to the distortion
in the AB,4, protofibrils.

To examine the impact of baicalein on the structural com-
pactness of the AP, protofibril structure, SASA analysis was
performed (Fig. 10). It is worth noting that the SASA value was
increased from 104.32 + 0.14 nm? in the control to 115.40 +
0.15 nm” in the baicalein system, which highlights a disordered
AB4, protofibril structure with increased exposure to solvent
water. This is consistent with Fang et al. depicting enhanced
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lein systems.

SASA in the complexes of the AB,, protofibril (PDB ID: 50QV)
with licochalcone A and licochalcone B as compared to the AB,,
protofibril alone.*®

3.6 Effect of baicalein on the conformational sampling in Af,,
protofibrils

The impact of baicalein on the distortion of the LS-shaped
morphology of AB,, protofibrils was examined using secondary
structure analysis (Table 2). The B-sheet content was noted to
be 60.7 + 0.6% in the control, which is consistent with the
value of 61.36 + 0.31% in a protofibrillar structure (PDB ID:
50QV) reported in a previous study.*® Importantly, the B-sheet
content was notably reduced from 60.7 £ 0.6% in the control to
56.7 & 0.9% in baicalein with the coil content increasing from

This journal is © the Owner Societies 2024

Table 2 Secondary structure compositions for the control and baicalein
systems

Secondary structure component Control Baicalein

B-sheet” 60.7 + 0.6 56.7 + 0.9
Coil 25.7 £ 0.4 29.9 £ 0.7
Bend 12.0 £ 0.0 11.2 £ 0.7
Turn 0.3 £ 0.2 0.0 £ 0.0
Chain separator 2.0 + 0.0 2.0 + 0.0

¢ B-sheet = B-strand + B-bridge.

25.7 £ 0.4% to 29.9 + 0.7%. The reduced [-sheet content
resulted in loosening of the chains, followed by protofibril
distortion, which is consistent with the conversion of B-sheet
rich neurotoxic Af oligomers into amorphous, off-pathway
oligomeric species in the presence of resveratrol and EGCG.”®
The simulations with varying initial velocities depict an iden-
tical sampling of different secondary structures in the control
and baicalein systems that highlight the consistency of the MD
simulations (Table S4, ESIf).

Furthermore, notable lower sampling of the B-sheet content
in Glull, Vvali2, His13, Phe20, Ala21, Glu22, Val24, Gly25,
Ser26, Asn27, Ala30, Ile31, Ile32, Gly33 and Leu34 of proto-
fibrils with a concomitant increase in the coil content upon the
incorporation of baicalein was observed (Fig. 11). Thus, baica-
lein primarily affects the B-sheet content of the CHC and C-
terminal regions of AB,,, which, in turn, leads to disruption of
the key interactions responsible for stabilizing the protofibril
structure. This is consistent with Gong et al. depicting that
serotonin decreased the B-sheet content in the N-terminal and
melatonin decreased the B-sheet content in the C-terminal of
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the AB,, protofibril (PDB ID: 50QV).** Thus, baicalein altered the
LS-shaped morphology of AB,, protofibrils by modulating the p-
sheet and coil contents.

3.7 Baicalein decreases the interchain binding affinity in Af,,
protofibrils

Baicalein binds to the AP, protofibril with a binding free
energy of —50.13 4 4.18 kcal mol ™' (Table 3). The van der
Waals (AEyqw = —41.17 4+ 1.95 kcal mol™") and non-polar
solvation (AGpps = —32.95 £ 3.44 kcal mol ") terms favour
the binding of baicalein to the AB,, protofibril, whereas polar
solvation and electrostatic interactions are unfavourable.

Table 3 Binding free energy of baicalein with A4, protofibrils

Energy terms (kcal mol ) AB,4, protofibril-baicalein

AE.aw —41.17 £ 1.95
AEelec 0.47 £+ 0.93
AEvinv* —40.70 + 1.03
AGps 23.52 4+ 1.73
Aans —32.95 £+ 3.44
AGgor,” ~9.43 + 1.70
AGbinding” —50.13 + 4.18

“ AEMM = AEVCIW + AEelec- b AGsolv = AGps + Aans- ¢ AGbinding = AEMM +
AGsolw

16682 | Phys. Chem. Chem. Phys., 2024, 26, 16674-16686

Furthermore, the per-residue binding free energy of the AB,,
protofibril residues with baicalein was evaluated (Fig. 12).
Notably, Phe19(A) (—6.39), Ile31(A) (—1.37), Leu17(B) (—3.02),
Glu29(B) (—1.69), Phe19(D) (—3.62), and Ile31(D) (—2.47) of the
AP,4, protofibrils contributed significantly in the binding with
baicalein. The toxic protein fibrillar aggregates are stabilized by
hydrophobic contacts, hydrogen bonds, and n-n interactions,
and interrupting these interactions will inhibit the self-
aggregation of proteins to toxic oligomeric species.’® Baicalein
binds to CHC region residues (Leu17 and Phe19), which play a
key role in the AB,, self-assembly and subsequent stabilization
of AB,, aggregates.*?

To assess the impact of baicalein on the interchain inter-
actions in AP,, protofibrils, interchain binding free energies
were evaluated with and without baicalein (Table 4). Notably,
the binding affinities were decreased from —143.96 + 23.51 to
—133.87 £ 18.89 for chain A-B, —142.15 + 26.29 to —136.76 +
19.10 for chain B-C, and —144.28 + 24.64 to —118.26 + 18.36
for chain C-D of AB,, protofibrils on the inclusion of baicalein.

The average interchain binding free energy in the baicalein
system was noted to be —129.63 + 18.78 as compared to
—143.46 + 24.81 kcal mol ' in the control, which depicts
reduced interchain binding affinity leading to the distortion
in the chains of AP, protofibrils as noted in the conforma-
tional snapshots.
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Table 4 Interchain binding free energy (kcal mol™) in AB,2 protofibrils in

ril to the binding free energy (kcal mol™) of the AB4, protofibril-baicalein

the absence and presence of baicalein

System Chain  AE,qw AEqee AEyn” AGps AGrps AGsor” AGhinding”

Control  A-B —192.18 + 6.13 28.93 & 15.91 —163.27 + 9.78  212.37 & 29.49 —193.07 & 10.88 19.29 + 18.61 —143.96 + 23.51
B-C  —194.74 + 6.39 42.29 + 19.28 —152.46 & 12.89 203.13 + 33.75 —192.83 + 10.64 10.29 + 23.10 —142.15 + 26.29
C-D  —198.05 + 8.81 44.17 +23.72 —153.88 & 14.91 204.89 + 35.11 —195.29 + 12.17  9.69 + 22.94 —144.28 + 24.64

Baicalein A-B —189.54 + 7.38 10.12 & 18.52 —179.42 4+ 11.15 237.52 + 26.09 —191.97 & 12.09 45.54 &+ 13.99 —133.87 + 18.89
B-C  —190.99 + 6.27 51.08 + 14.14 —139.92 + 7.87  190.85 + 22.28 —187.69 + 11.25  3.16 + 11.25 —136.76 & 19.10
C-D  —191.87 +8.15 11.39 + 18.69 —180.48 + 10.54 250.96 + 24.96 —188.74 + 10.82 62.21 + 14.13 —118.26 + 18.36

b
“ AEMM = AEvdW + AEelec- AGsolv = AGps + Aans~ ¢ AGbinding = AEMM +

4. Conclusions

In this work, extensive all-atom MD simulations have been
performed to examine the molecular mechanism of baicalein-
induced destabilization of LS-shaped AB,, protofibrils. Notably,
a higher conformational heterogeneity in protofibrils was
observed with the addition of baicalein. Importantly, higher
RMSF in A4, protofibril-baicalein depicts reduced structural
stability leading to the destabilization of the protofibril struc-
ture. Binding free energy analysis using the MM-PBSA method
depicted that baicalein binds favourably to protofibrils
(AGpinding = —50.13 + 4.18 keal mol™') with the major con-
tribution from the van der Waals interactions. Baicalein desta-
bilizes the AP,, protofibril by reducing the sampling of
B-sheets, elongating the kink angle, and disrupting K28-A42
salt bridges, which are critical for the protofibril stability. This
study illuminates the mechanism by which baicalein destabi-
lizes AP,, protofibrils and provides valuable insights into
designing new, selective, and potent therapeutic candidates
against protofibril destabilization in AD.
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