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Abstract Human monoamine oxidase B (hMAO-B) has emerged as a pivotal therapeutic target for Par-

kinson’s disease. Due to adverse effects and shortage of commercial drugs, there is a need for novel, high

ly selective, and reversible hMAO-B inhibitors with good blood-brain barrier permeability. In this study, a

high-throughput at-line nanofractionation screening platform was established with extracts from Chuan-

xiong Rhizoma, which resulted in the discovery of 75 active compounds, including phenolic acids, vol

atile oils, and phthalides, two of which were highly selective novel natural phthalide hMAO-B inhibitors

that were potent, selective, reversible and had good blood‒brain permeability. Molecular docking and

molecular dynamics simulations elucidated the inhibition mechanism. Sedanolide (IC50 Z 103 nmol/

L; SI Z 645) and neocnidilide (IC50 Z 131 nmol/L; SI Z 207) demonstrated their excellent potential

as hMAO-B inhibitors. They offset the limitations of deactivating enzymes associated with irreversible
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hMAO-B inhibitors such as rasagiline. In SH-SY5Y cell assays, sedanolide (EC50 Z 0.962 mmol/L) and

neocnidilide (EC50 Z 1.161 mmol/L) exhibited significant neuroprotective effects, comparable to the pos-

itive drugs rasagiline (EC50 Z 0.896 mmol/L) and safinamide (EC50 Z 1.079 mmol/L). These findings

underscore the potential of sedanolide as a novel natural hMAO-B inhibitor that warrants further devel-

opment as a promising drug candidate.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Parkinson’s disease (PD), the second most common neurodegen-
erative disease after Alzheimer’s disease (AD), affects over 6
million people worldwide, with China accounting for 50%1.
Monoamine oxidases (MAOs) play a role in the homeostasis of the
healthy brain and are altered in various disease states. There are
two isoforms of MAOs, MAO-A and MAO-B, with human MAO-
B (hMAO-B) recognized as a therapeutic target for neurodegen
erative diseases including PD2 and AD3. MAO-B is located on the
outer mitochondrial membrane and is responsible for dopamine,
serotonin, and norepinephrine degradation, as well as being
involved in oxidative stress and apoptosis4. Selegiline, rasagiline,
and safinamide are classic commercial enzyme inhibitor drugs
used for PD treatment, exerting neuroprotective effects by inhib-
iting hMAO-B5e7. Safinamide, a third-generation reversible
hMAO-B inhibitor, was approved by the US Food and Drug
Administration in 2015, improving the side effects associated with
irreversible inhibitors such as selegiline and rasagiline7. However,
there is still a limited number of hMAO-B inhibitors available.
Therefore, the discovery of novel, highly selective, and reversible
hMAO-B inhibitors with excellent blood‒brain barrier perme-
ability (BBB) is of therapeutic importance.

Natural products are a valuable resource for the discovery of
novel enzyme inhibitors8. However, the dynamic range of sec-
ondary metabolites and numerous components of natural products
have posed challenges for screening. In particular, the discovery of
compounds in complex matrices relies on the separation of groups
of active compounds. Currently, natural MAO-B inhibitors include
alkaloids, flavonoids, coumarins, xanthones, anthraquinones,
naphthoquinones, terpenes, terpenoids, phenols, and polyphenolic
compounds9. Screening for MAO-B inhibitors from natural
products mainly relies on bioassay-guided separation, which often
suffers from frequent fractionation and long run times, high costs,
and the loss of active substances10. To overcome these limitations,
magnetic bead ligand fishing11 and affinity ultrafiltration
methods12 have been proposed, enabling rapid separation of active
compound groups and shortening the screening period to several
months13e15. However, these methods also have limitations,
including low throughput and the need for separate analysis after
the identification of the active components. In 2011, Kool et al.
proposed an at-line nano-fractionation approach, characterized by
integrated sample separation, activity evaluation, and structure
identification16,17. This approach offers advantages such as high
throughput, high efficiency, and good reproducibility, making it
widely used for high-throughput screening (HTS) of enzyme in-
hibitors from natural products. This method has been successfully
applied to discover novel a-glucosidase18, pancreatic lipase19,
trypsin20, and neuraminidase inhibitors21 from traditional Chinese
medicines (TCMs) such as Ginkgo Biloba, green tea, Cotinus
coggygria Scop. and Lonicerae Japonicae Flos, respectively.
Therefore, the HTS of natural products targeting the mitochon-
drial membrane hMAO-B protein can provide inhibitors or pre
cursor compounds for PD treatment.

In this study, a novel at-line nanofractionation platform was
established for the HTS of hMAO-B inhibitors from natural
products for the first time. The system stability, reproducibility as
well as reliability were carefully optimized and evaluated. After
conducting preliminary inhibitory screening of 29 Chinese med-
icines, Chuanxiong Rhizoma with good inhibitory activity was
selected for hMAO-B inhibitors HTS. This screening allowed the
rapid identification of organic acids, volatile oils, novel natural
phthalides, and dimeric phthalides as potential hMAO-B in-
hibitors. Two new, potent, selective, and reversible hMAO-B in
hibitors with good BBB permeability and neuroprotective effects
comparable to commercial drugs rasagiline and safinamide were
discovered.
2. Results and discussion

2.1. Establishment of hMAO-B inhibitors screening platform

The accurate identification of active substances from complex
systems is a crucial factor in the screening process of bioassay
systems, given the diverse structures and rich activities of com-
pounds within such systems. Consequently, an at-line nano
fractionation platform for screening hMAO-B inhibitors from
complex systems was first established. This platform was vali-
dated using known commercial and natural MAO-B inhibitors.

The initial analysis was carried out with reported positive
controls (rasagiline, calycosin, and isochlorogenic acid C) and
negative controls (schisandrol A) (Fig. 1A and B). Subsequently, a
mixed sample model was prepared to validate the effectiveness of
the platform.

Meanwhile, due to the enzyme instability and the adsorption
on the orifice plate, the enzymatic reaction lacks uniformity,
leading to significant fluctuations in the system baseline of the
bioactive spectrum. This, in turn, affects the accurate identification
of inhibitors with low active peaks. Therefore, the reported
nonionic surfactant Nonidet P-40 (NP-40) was used to improve
the baseline noise on the hMAO-B screening system (Fig. 1C).
Sequential elution of rasagiline, calycosin, isochlorogenic acid C,
and schisandrol A was observed through RPLC, as depicted in
Fig. 1C. Rasagiline and calycosin both displayed inhibitory ac-
tivity, with the former having a correlatively smaller activity peak
(Fig. 1C), which is surprising as it has a lower IC50 (0.1 vs
24 mmol/L, respectively). However, we believe this results from

http://creativecommons.org/licenses/by-nc-nd/4.0/
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the higher solubility of calycosin relative to rasagiline, indicating
that this platform is better able to screen out bioactive substances
with good solubility. The activity of the other positive controls
demonstrated a positive correlation with the activity peak.
Conversely, no activity peak was observed for the negative com
pound, schisandrol A. Overall, these findings confirm the suc-
cessful development of the screening system for hMAO-B in
hibitors, enabling accurate and effective identification of such
inhibitors within the mixed sample model.

To address the issue of baseline fluctuations, the added
amounts of NP-40 (1%, 0.125%, 0.016%) were optimized based
on preliminary experimental investigations (Fig. 1C). It was fou
nd that 0.125% NP-40, which did not cause foaming or opera-
tional interference, significantly improved the baseline by
reducing the adsorption of the enzyme on the plate. Therefore, it
was deemed the most suitable NP-40 content for stabilizing the
enzyme system. Fig. 1D shows the correlation between the size of
the activity peak on the optimized screening platform and the
sample concentration (50, 100, 200 mmol/L). As the concentration
increased, the activity peaks of the positive controls exhibited a
corresponding increase, indicating a positive correlation.
Conversely, the negative compound did not generate any activity
peak. This suggests a dose-effect relationship between the activity
peak and the concentration of the active compound within the
system. Furthermore, to enhance the accuracy of the high-
throughput screening system, slight adjustments were made to
the experimental protocol. In Fig. 1E, the positive control rasa-
giline (2 mmol/L) was represented in red, while the negative
control DMSO (0.4%) was depicted in blue. The high-throughput
Figure 1 Development, optimization, and feasibility verification of scree

(A) Structures of MAO-B-related positive-negative compounds. (B) Evalua

standards. (C) Screening feasibility and baseline optimization of mixed

relationship of the screening system using different concentrations of mix

schisandrol A). Sample: 100 mmol/L standards (rasagiline, isochlorogenic a

in 70% methanol, column: Zhongpu RD-C18 4.6 mm � 150 mm 5 mm 300

Formic acid in MeOH, isocratic elution: 73% B, flow rate: 0.5 mL/min, U

assay in 384-well plates. sP and sn are the standard deviations of the posit

values of the positive control and negative control, respectively.
screening factor (Z0) was determined to be 0.72, and met the HTS
requirement of 0.5 � Z0 < 1, indicating its suitability for further
screening of hMAO-B inhibitors in complex systems22.

2.2. Screening of complex matrices to identify active extracts

To identify Chinese medicines with the highest potential for hMAO-
B inhibitory screening, the high-throughput fluorescent screening
system was utilized to rapidly evaluate 29 Chinese medicines ex-
tracts commonly used in PD treatment, as reported in literature23. A
heat map illustrates the inhibition of hMAO-B by these Chinese
medicines extracts at concentrations of 1, 0.5, 0.125, 0.031, and
0.008 mg/mL, with the absence of an inhibitor serving as a blank
control (Fig. 2A). The intensity of inhibition is represented by a
color scale ranging from dark green to dark red, with increasing
intensity indicating stronger inhibition. From the preliminary eval-
uation results, the top 12 extracts with the highest inhibitory activity
were as follows: Chuanxiong Rhizoma > Glycyrrhizae Radix et
Rhizoma > Epimedii Folium > Polygoni Cuspidati Rhizoma et
Radix > Ramulus Uncariae cum Uncis > Nelumbinis
Folium > Eucommiae Cortex > Siraitiae Fructus > Dendrobii
Caulis > Artemisiae Argyi Folium > Lonicerae Japonicae
Flos > Gastrodiae Rhizoma. Considering the relatively large con-
centration gradient used in the initial screening, it was challenging
to accurately assess the inhibitory ability of a single medicinal
material towards hMAO-B. Therefore, the top 12 extracts were
further tested for their IC50 values against hMAO-B (Fig. 2B). It
was observed that the order of inhibitory strength for some extracts
(such as Glycyrrhizae Radix et Rhizoma and Polygoni Cuspidati
ning platform for human monoamine oxidase B (hMAO-B) inhibitors.

tion of a screening library with negative and positive multi-structured

standards at 100 mmol/L and (D) Investigation of the dose-response

ed standards (a: rasagiline; b: isochlorogenic acid C; c: calycosin; d:

cid C, calycosin, and schizandrol A), 100% ethanol solution dissolved

Å, mobile phase A: 0.1% Formic acid in Water, mobile phase B: 0.1%

V: 254 nm, temperature: 30 �C. (E) Data quality assessment of HTS

ive control and negative control, respectively; mP and mn are the mean



Figure 2 Evaluation of the inhibitory effect of several TCMs toward hMAO-B. (A) Inhibitory effect of 29 TCMs against hMAO-B. (B) IC50

values of the 12 most active TCMs towards hMAO-B.
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Rhizoma et Radix) changed due to differences in solubility (Fig. 2A
and B). The candidate natural product Chuanxiong Rhizoma was
found to have the strongest inhibitory activity in both initial
screening and half-inhibitory concentration determination results.
Overall, the results of IC50 determinations provided a more reliable
indication of hMAO-B inhibition by Chinese medicines.
A comprehensive analysis of factors such as inhibitory po-
tency, reports of neurological diseases treatment, good water
solubility of volatile components (volatile oils and phthalides),
and phenolic acids was carried out. Chuanxiong Rhizoma was
considered more suitable for the high-throughput screening of
hMAO-B inhibitors than the other 11 candidates.



Figure 3 Inhibitory dose-response relationship activity spectrum of Chuanxiong Rhizoma and matching results of nearly 80 activity peaks after

semi-preparative purification. HPLC gradient elution conditions for the four segments were as follows: Segment 1: RD-C18 column (3 mm),

0e15 min, 3%e4%, 15e30 min, 4%e15%, 30e50 min, 15%e20%, 30e50 min, 15%e20%, 50e70 min, 20%e25%, 70e85 min, 25%e30%,

85e95 min, 30%e100%, 95e115 min, 100%, 115e125 min, 100%e3% ACN; Segment 2: RD-C18 column (5 mm), 0e40 min, 45%e70%,

40e50 min, 70%e100%, 50e70 min, 100%, 70e75 min, 100%e45% MeOH; Segment 3: RD-C18 column (5 mm), 0e30 min, 55%e70%,

30e60 min, 70%e80%, 60e61 min, 80%e100%, 61e81 min, 100%, 81e85 min, 100%e55% MeOH; Segment 4: RD-C18 column (3 mm),

0e20 min, 65%e70%, 20e50 min, 70%, 50e90 min, 70%e100%, 90e120 min, 100%, 120e125 min, 100%e65% MeOH.

1776 Yu Fan et al.
2.3. Application of the developed platform to the high-
throughput screening of hMAO-B inhibitors from Chuanxiong
Rhizoma

Traditionally, Chuanxiong Rhizoma is intended to promote blood
circulation and qi, dispel wind, and relieve pain. It is often used in
the palliative treatment of gynecological and cardiovascular dis-
eases24. Chuanxiong’s major chemical components, including
volatile oils, alkaloids, phenolic acids, and phthalide lactones,
display vasorelaxation, antioxidant properties, and neuroprotective
effects, in both in vitro and in vivo studies24. Among them, ferulic
acid (a representative compound of phenolic acids)25 and lig-
ustrazine26 exert anticoagulant effects by inhibiting thrombin. At
the same time, ferulic acid27 and the phthalide compounds ligu-
stilide28 and ligustilide I29 were reported to protect mitochondria
and exert neuroprotective effects30. Recently, Feng’s groups
adopted the cytological profiling (CP) technique of hONS cells to
discover chemical probes from 24 TCMs and preparations against
PD23. In Chuanxiong Rhizoma, mainly phenolic acids and
phthalide compounds were identified as active ingredients against
PD31. However, it was noticed that their anti-PD and neuro-
protective targets have not yet been elucidated.

Rapid and efficient high-throughput screening of Chuanxiong
Rhizoma was conducted using the developed HTS platform for
hMAO-B inhibitors. After optimizing the HPLC conditions, a
preliminary screening was performed using 10 and 20 mg/mL
Chuanxiong Rhizoma extract. As the compounds from Chuanxiong
Rhizoma were sequentially eluted with methanol, the peaks with
potential hMAO-B inhibitory activity were found to be correlated
with the injected sample concentration. On a reverse phase
chromatographic column, the major classes of compounds from
Chuanxiong Rhizoma were eluted in the following order: organic
acids, alkaloids, volatile oils, monophthalides, and diphthalides32.
Eight activity peaks were initially identified from the samples of
Chuanxiong Rhizoma. However, due to the complex composition
and possible co-elution of compounds, the samples were divided
into four fractions (Chuanxiong Rhizoma segments 1, 2, 3, 4) based
on the distribution of activity peaks using a simplified semi-
preparative LC method. After semi-preparative separation and
optimization of HPLC conditions for each segment, the high-
throughput screening of hMAO-B inhibitors was conducted for
each segment of Chuanxiong Rhizoma. The semi-preparative pu-
rification made it possible to effectively enrich trace active in
gredients in the Chuanxiong Rhizoma sample, resulting in the
screening of nearly 80 peaks with potential hMAO-B inhibitory
activity based on the dose-effect relationship. The activity peaks of
segment 1 were mainly related to organic acids, those in segments 2
and 3 corresponded to phthalides, and those in segment 4 to
phthalide dimers. Due to commercial availability, 14 representative
standard compounds in Chuanxiong Rhizoma could be assigned to
some of the activity peaks (Supporting Information Fig. S1).

2.4. Potency and selectivity of identified hMAOs-B inhibitors

To verify the effectiveness of this platform in HTS of hMAO-B
inhibitors from crude Chuanxiong Rhizoma, we further tested the
MAO inhibitory properties of identified representative compounds
corresponding to activity peaks. The structures of these inhibitors
are presented in Fig. 4, primarily consisting of organic acids and
phthalides.



Figure 4 Structures of representative hMAO-B inhibitors identified in Chuanxiong Rhizoma.
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The selectivity of hMAO-B inhibition relative to that of
hMAO-A for these compounds is presented in Table 1. The in-
hibition selectivity of the known positive controls (rasagiline,
safinamide, and toloxatone) is also reported in Table 1 and the
results were consistent with those reported in literature33.

Interestingly, phthalides with similar structures were found to
exhibit different inhibitory activities against hMAO-B. For
example, the characteristic components of Chuanxiong Rhizoma
(senkyunolide H, senkyunolide I, and z-ligustilide) show slight
inhibitory activity, n-butylphthalide has moderate activity, while
senkyunolide A and butylidenephthalide possess good inhibitory
activity, and sedanolide and neocnidilide have the highest activity.
n-Butylphthalide is a classic first-line drug for the clinical treat-
ment of ischemic stroke34. hMAO-A is one of the key indicators
of ischemic stroke35, and n-butylphthalide has also been reported
to be used for neuroprotection and potential anti-PD properties36.
As can be seen from Table 1, n-butylphthalide is indeed more
effective in inhibiting hMAO-A, while its inhibitory activity
against hMAO-B is more than 200 times lower than that of
sedanolide and neocnidilide. It can be inferred that sedanolide
and neocnidilide may have similar neuroprotective effects as n-
butylphthalide. Phenolic acids inhibit hMAO-B in the sub
micromolar concentration range, among which ferulic acid,
chlorogenic acid37, caffeic acid, and sinapic acid have all been
reported to inhibit MAO-B in anti-PD extract38. Furthermore,
vanillin and coniferyl ferulate are novel phenolic acid inhibitors
of hMAO-B. These results successfully demonstrate that the
proposed at-line nanofractionation platform enables rapid, effi-
cient, and high-throughput screening of hMAO-B inhibitors in
Chuanxiong Rhizoma. Phthalides and even dimerized phthalides
were successfully identified as a novel class of natural hMAO-B
inhibitors. Notably, sedanolide and neocnidilide exhibited
remarkable inhibitory activity against hMAO-B, with sedanolide
being equivalent to the positive control rasagiline in terms of
inhibitory potency but surpassing it regarding selectivity for
hMAO-B.

2.5. Reversibility of hMAO-B inhibition

A reversible inhibitor forms a complex with the enzyme, inhibits
the interaction between enzyme and substrate39, and reduces the
oxidative deamination reaction rate of MAO-B, while irreversible
inhibitors (known as covalent inhibitors) are often covalently
bound to the enzyme active group to inactivate it. A study by
Fowler and coworkers40 showed that the turnover rate for MAO-B
synthesis in human brain is close to 40 days. As a result, this may
have safety issues and pharmacological side effects due to the
persistent inhibition towards hMAO-B, such as immunogenicity of



Table 1 hMAO inhibitory potency and selectivity of identified compounds.

Compounds Inhibition (IC50)
a SIb

hMAO-B hMAO-A

(Z )-Ligustilide 633.346 � 341.181 6.063 � 0.985 0.009

Senkyunolide H 593.668 � 55.172 107.921 � 11.931 0.182

Senkyunolide I 302.342 � 37.001 186.240 � 8.010 0.616

n-Butylphthalide 112.552 � 24.240 19.180 � 3.759 0.170

Chlorogenic acid 69.634 � 14.365 82.362 � 14.569 1.183

Vanillin 45.695 � 2.605 86.090 � 15.313 1.884

Caffeic acid 33.093 � 7.566 60.901 � 5.847 1.840

Sinapic acid 32.783 � 6.098 32.899 � 5.705 1.004

Senkyunolide A 27.029 � 9.316 47.573 � 8.511 1.760

Ferulic acid 26.899 � 3.528 35.828 � 2.228 1.332

Butylidenephthalide 12.123 � 6.480 96.986 � 14.286 8.000

Coniferyl ferulate 2.029 � 0.347 102.439 � 1.331 50.487

Neocnidilide 0.494 � 0.132 102.437 � 13.108 207.362

Sedanolide 0.124 � 0.033 80.067 � 15.103 645.702

Rasagiline 0.114 � 0.015 3.564 � 0.386 31.263

Safinamide 0.006 � 0.005 104.202 � 34.732 17,367

Toloxatone 357.219 � 22.843 1.438 � 0.162 0.004

aInhibition data are reported as IC50 (mmol/L); the standard error of the mean was always less than � 5%.
bSI: selectivity index for the MAO-B isoform, equal to the ratio of IC50(MAO-A)/IC50(MAO-B).

1778 Yu Fan et al.
enzyme-inhibitor complexes, adverse pharmacokinetic character-
istics, inhomogeneity of tissue distribution, and longer duration of
action and synthesis for recovering activity41,42. As reversible
inhibitors such as safinamide are more effective and safer for the
treatment of PD compared to irreversible inhibitors like rasagiline,
the identification of reversible inhibitors is more promising.
Figure 5 Plots of velocity versus hMAO-B concentration. (A) Safinam

amine (KYN) concentration: 46 mmol/L.
Given their great potency and selectivity as hMAO-B in-
hibitors, the promising compounds sedanolide, neocnidilide, and
coniferyl ferulate were selected for further investigation. The
enzyme inhibition kinetics experiment with the advantage of
reliable data points was adopted, as the most original reaction
mechanism based on reversible or irreversible inhibition43.
ide, (B) Coniferyl ferulate, (C) Sedanolide, (D) Neocnidilide, kynur-
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Therefore, an enzyme inhibition experiment was performed to
determine the inhibition reversibility of these compounds, with
safinamide serving as a reversible reference compound. Briefly,
plots of velocity (V) versus hMAO-B concentration were con-
structed using various concentrations of inhibitors to assess the
reversibility of their hMAO-B inhibition (Fig. 5). The hMAO-B
inhibitors tested were all shown to be reversible44. It is worth
noting that two natural phthalides (sedanolide, and neocnidilide)
were reversible inhibitors, which is consistent with the reported
reversible hMAO-B inhibition of synthetic phthalides45. Thus, it
can be speculated that most phthalide compounds are reversible
inhibitors of hMAO-B. Studying phthalide compounds can help
the precise development of reversible hMAO-B inhibitor drugs.
These encouraging results provide motivation for drugability
testing of the identified inhibitors.

2.6. Evaluation of ADME properties and BBB permeability

The BBB poses a significant challenge for the delivery of anti-PD
and anti-AD agents to the central nervous system46. To assess the
drug-likeness properties of the compounds, in vitro and in vivo
absorption, distribution, metabolism, excretion, and toxicity
(ADME/Tox) studies were carried out using Discovery Studio
2019. Additionally, a high-throughput assay of BBB permeability
was performed using the IAM-HPLC method47. These results are
shown in Supporting Information Table S2. The two classic anti-
Figure 6 Neuroprotective effects of compounds on SH-SY5Y cells. R

were shown as percentages of cell viability. All data were the standard err

OHDA group). (A) Neuroprotective effects of MAO-B inhibitors against 6

the neuroprotective effect (EC50) of MAO-B inhibitors on SH-SY5Y cells
hMAO-B drugs rasagiline and safinamide and one first-line anti
-ischemic stroke drug n-butylphthalide were employed as model
prediction controls. Most compounds, except chlorogenic acid,
were classified as soluble or moderately soluble, with highly
predicted BBB permeability using Discovery Studio 2019, as
shown in Table S2. These predictions were further supported by
the results of BBB permeability obtained by IAM-HPLC. Notably,
most phthalides exhibited higher water solubility and BBB
permeability compared to organic acids. Among them, sedanolide
and neocnidilide demonstrated superior solubility and BBB
permeability compared to rasagiline and safinamide. The BBB
permeability of neocnidilide was slightly higher than that of
sedanolide. Both sedanolide and neocnidilide were identified as
potent, selective, and BBB-permeant hMAO-B inhibitors.

2.7. Neuroprotective effect of hMAO-B inhibitors on SH-SY5Y
cells

The above promising results demonstrating top inhibition potency
and selectivity of sedanolide and neocnidilide against hMAO-B
spurred further mechanistic studies and evaluation of their po
tential as neuroprotective drugs targeting PD research. The SH-
SY5Y neuroblastoma cell line, derived from humans and pos
sessing catecholaminergic neural properties, is widely utilized in
AD and PD research48e50. Therefore, the potential protective ef-
fects of sedanolide and neocnidilide against neurotoxin-induced
asagiline and safinamide were used as reference compounds. Results

or of the mean of three independent experiments (compared to the 6-

-OHDA-induced toxicity in SH-SY5Y cells. (BeE) Determination of

.



Figure 7 Molecular docking and molecular dynamics results for sedanolide and neocnidilide on hMAO-B (PDB: 2V5Z). 3D overview within

the MAO-B active site over sedanolide (A) and neocnidilide (B). The root mean square deviations (RMSDs) of sedanolide (C) and neocnidilide

(D) -hMAO B simulated structures. Covariance matrix diagrams of 100 ns binding to 2V5Z protein of sedanolide (E) and neocnidilide (F). Free-

energy landscape diagrams of hMAO-B-sedanolide (G) and neocnidilide (H) clusters represented in 3D as a function of RMSD and radius of

gyration (Rg).

1780 Yu Fan et al.
damage were investigated in SH-SY5Y cells using the method
described by Xie et al.51 In this study, commercial drugs rasagiline
and safinamide were employed as positive controls.

The bar chart in Fig. 6A illustrates that the cell viability rate of
SH-SY5Y cells treated with 6-hydroxydopamine (6-OHDA,
200 mmol/L) significantly decreased to approximately 30% compared
to the control group. However, when 6-OHDA-treated SH-SY5Y
cells were incubated with increasing concentrations (0.02, 0.1, 0.5,
1, 10, 20 mmol/L) of the compounds, the cell survival rates gradually
increased. Although slight cytotoxicity was observed at the high
concentration of 100 mmol/L, the compounds still exhibited neuro
protective effects similar to those observed with the reference com
pound rasagiline under the same conditions. Furthermore, the third-
generation reversible inhibitor safinamide was investigated for com
parison of its half-maximal neuroprotective effect concentration
(EC50) with those of the other compounds. As shown in Fig. 6B‒E,
the results indicate the following order of neuroprotective effect:
rasagiline (EC50 Z 0.896 mmol/L) > sedanolide (EC50 Z 0.962
mmol/L) > safinamide (EC50 Z 1.079 mmol/L) > neocnidilide
(EC50 Z 1.161 mmol/L).

These results demonstrate that the neuroprotective capabilities
of sedanolide and neocnidilide are similar to those of commercial
drugs. It is important to emphasize that sedanolide exhibits
cellular activity comparable to rasagiline and superior to safina-
mide, a first-in-class therapeutic targeting hMAO-B approved by
the FDA. Particularly, it compared favorably to rasagiline in terms
of inhibition reversibility and BBB permeability. The discovery of
sedanolide as the most promising novel natural hMAO-B inhibitor
through the use of the HTS platform is exciting, as it can be
further developed and studied as a potential new drug for the
treatment of neurodegenerative diseases.

2.8. Study of inhibition mechanism by molecular docking and
molecular dynamics

To understand the molecular interaction of sedanolide and neo-
cnidilide with hMAO-B, molecular docking and molecular dy-
namics (MD) were performed. The binding modes of inhibitors
were investigated using the X-ray crystal structure of hMAO-B
bound to safinamide [Protein Data Bank (PDB) code: 2V5Z]52

through Discovery Studio 2019. Molecular docking analysis was
first applied to explore the bioactive conformations adopted within
the binding pocket of hMAO-B enzyme. Table 2 shows that seda-
nolide presents a CD energy of�2.015 kJ/mol, while the CD energy
for neocnidilide is �2.271 kJ/mol, which reflects a slight discrep-
ancy with the reported inhibitory activities of the two compounds.
The visualization of these results was performed with Discovery
Studio 2019 (Fig. 7A and B). Fig. 7A shows the general 3D visu-
alization of hMAO-B with the best pose of sedanolide within the
active site, highlighting interactions with Gln 206, Leu 171, Cys
172, Tyr 435, Tyr 398 residues and the cofactor flavin adenine
dinucleotide (FAD) 600. Correspondingly, Fig. 7B shows the 3D
visualization of hMAO-B with neocnidilide, where interactions
with the residues of Leu 171, Cys 172, Tyr 435, Tyr 398, and FAD
600 are formed. The above residues belong to the key amino acids in
the hMAO-B active site53,54. Leu 171 is a neutral aliphatic amino



Table 2 Calculation of docking energy and binding free energy for sedanolide and neocnidilide with hMAO-B (PDB: 2V5Z).

Types Name Sedanolide Neocnidilide

Molecular docking CD ENERGY (kJ/mol) ‒2.015 ‒2.271
CD INTERACTION ENERGY (kJ/mol) ‒36.288 ‒36.795

Molecular dynamics DVDWAALS (kcal/mol) ‒145.350 ‒150.390
DEEL (kcal/mol) ‒112.550 �128.200

DEGB (kcal/mol) 125.500 138.090

DESURF (kcal/mol) ‒16.000 ‒15.900
DGGAS (kcal/mol) ‒257.900 ‒278.590
DGSOLV (kcal/mol) 109.500 122.190

DTOTAL (kcal/mol) ‒148.400 ‒156.400
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acid that forms the boundary of hMAO-B active site cavity, indi-
cating that these compounds can bind to hMAO-B efficiently. In
addition, Tyr 435, Tyr 398 and the cofactor FAD 600 are the keys to
aromatic cage formation, recognizing substrate amino groups and
their orientation. Unlike neocnidilide, sedanolide forms a hydrogen
bond with Gln 206 (also an active residue of hMAO-B), which may
explain the higher inhibitory effect of sedanolide compared to
neocnidilide. However, the differences in docking energy needed to
be further confirmed by molecular dynamics.

MD 100 ns simulation was carried out for hMAO-B complexes
docked with the identified leads and the cocrystal inhibitor to un-
derstand the stability of binding. The results are summarized in
Table 2 and Fig. 7. The root means square deviations (RMSDs) of
the backbone and ligand were calculated against the initial structure
of the protein-ligand complexes. The results for sedanolide and
neocnidilide are presented in Fig. 7C and D, respectively.

During the 100 ns simulation, the neocnidilide‒hMAO-B
complex exhibited a lower RMSD value than the sedanolide‒
hMAO-B complex, which suggested that the neocnidilide‒
hMAO-B complex was more stable during the MD simulation.
Here, the binding free energies of the two simulated complexes
were computed to validate the affinities of the inhibitors predicted
in docking studies. There was a good agreement between the
binding free energies calculated using MD 100 ns trajectories and
the molecular docking energies as shown in Table 2. Surprisingly,
when we further visualized residue trajectories and total binding
energies, we then discovered the details of sedanolide activity,
superior to that of its isomer neocnidilide. The correlation and
anticorrelation in residues of the movements in the complexes
during an MD simulation are shown in Fig. 7E (sedanolide‒
hMAO-B complex) and Fig. 7F (neocnidilide‒hMAO-B com-
plex). In contrast with most residues in the neocnidilide‒hMAO-B
complex moving in the same direction, sedanolide moved more
frequently and bound more closely to the 520 amino acid residues
of hMAO-B. Thus, more pink areas appeared, indicating opposite
movements. Also, this assertion was confirmed by the results of
free energy landscapes of sedanolide (Fig. 7G) and neocnidilide
(Fig. 7H). The areas shown in blue in Fig. 7G and H indicate the
minimal energy areas and stability of the protein‒ligand com-
plexes. The highest stability of the complexes is represented by
small and centralized blue areas and it also indicates that com-
plexes were within the conformational cluster of hMAO-B.
Moreover, narrow funnel-like projections reveal that the confor-
mational cluster changes dynamically to the simulation time
needed to achieve the least energy of the protein native structure55.
Therefore, it can be seen that sedanolide leads to another funnel-
shaped projection than neocnidilide from the 3D diagrams of the
protein complexes formed by the two compounds. This clearly
illustrates that the sedanolide‒hMAO-B complex has more
solitary local energy minima, thereby pointing toward two stable
foldings for each of the protein‒ligand complex systems. The
above results can intuitively explain the difference in activity
between sedanolide and neocnidilide.

3. Conclusions

In conclusion, we have successfully developed a high-throughput
at-line nanofractionation screening platform for hMAO-B in-
hibitors, which demonstrated its efficiency in detecting active
compounds in complex systems. It is worth emphasizing that we
discovered two novel natural hMAO-B inhibitors from crude
Chuanxiong Rhizoma, exhibiting druggability comparable to
commercial drugs. In the initial screening, we evaluated 29 TCMs
and identified 12 candidates with significant activity against
hMAO-B for which IC50 values were determined. Among them,
Chuanxiong Rhizoma, a classic Chinese medicine used in PD
treatment, exhibited the best activity. By analyzing the activity
chromatograms of Chuanxiong Rhizoma, we identified 75 chro-
matographic peaks with dose-dependent inhibitory activity against
hMAO-B. Subsequently, 14 potentially active compounds were
identified and selected through a combination of UPLC‒Q-
Orbitrap MS/MS data with LC and bioassay activity chromat
ograms. Using the commercial drugs rasagiline and safinamide as
controls, we investigated the inhibitory potency, selectivity,
reversibility, and blood‒brain permeability of these compounds.
We further examined their pharmacokinetic and toxicological
properties (ADMET), and inhibition reversibility, and elucidated
the mechanisms of action and activity differences on hMAO-B
through molecular docking and molecular dynamics experi-
ments. Among these compounds, sedanolide and neocnidilide
exhibited excellent performance and were identified as promising
drug candidates. Notably, in SH-SY5Y cell experiments, sedano-
lide and neocnidilide demonstrated neuroprotective effects com
parable to those of rasagiline and safinamide, with sedanolide
showing superior efficacy. Moreover, molecular docking and
molecular dynamics data could be used to explain their inhibition
mechanisms and activity differences towards hMAO-B. Both
sedanolide and neocnidilide were identified as next-generation
drug candidates with excellent drug-like properties and superior
pharmacological profiles for the treatment of PD. These exciting
possibilities should be examined in future investigations.

4. Experimental

4.1. Chemicals and materials

Human recombinant MAO-A (hMAO-A) and MAO-B (hMAO-B)
enzymes prepared from insect cells, kynuramine dihydrobromide
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(KYN; 98%), 4-hydroxy quinoline (98%) and toloxatone (98%)
were obtained from SigmaeAldrich (St. Louis, MO, USA). Safi-
namide (>98%) was from TCL (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan). HPLC-grade methanol (MeOH) and aceto-
nitrile (ACN) were purchased from Merck (Darmstadt, Germany).
Sodium phosphate dibasic (Na2HPO4; 99%), potassium phosphate
monobasic (KH2PO4; 99%), potassium chloride (KCl; 99%), so-
dium chloride (NaCl; 99%), formic acid (FA; 98%), dimethyl
sulfoxide (DMSO; 99%), schisandrol A (99%) were bought from
Aladdin Chemistry (Shanghai, China). Rasagiline (98%) and
isochlorogenic acid C (98%) were from Macklin (Shanghai,
China). Calycosin (98%), and sedanolide (98%) were obtained
from Sichuan Weikeqi Biological Technology Co., Ltd. (Sichuan,
China). Neocnidilide (98%) was from ChemFaces (Wuhan,
China). Other chemicals were purchased from standard sources
and were of the highest quality available. All chemicals were of
HPLC grade and used without further purification. Herbal medi-
cines including Gastrodiae Rhizoma and Uncariae Ramulus Cum
Uncis were provided by Kangmei Pharmaceutical Co., Ltd.
(Guangdong, China). Other herbal medicines such as Chuanxiong
Rhizoma and Rehmanniae Radix Praeparata were purchased from
Tongrentang Chinese Medicine (Beijing, China). The remaining
Chinese herbal medicines in the form of lyophilized aqueous
extract powder were all manufactured by the Yifang Pharmaceu-
tical Co., Ltd. (Guangdong, China). Cell counting kit-8 (CCK-8)
was purchased from MedChemExpress company (HY-K0301,
Shanghai, China). Dulbecco’s modified Eagle’s medium
(DMEM), Nutrient Mixture Ham’s F-12 (DMEM/F12 1:1) me-
dium, fetal bovine serum (FBS) and phosphate-buffered saline
(PBS) were bought from Gibco (Carlsbad, CA, USA). 6-
Hydroxydopamine hydrochloride (6-OHDA) was obtained from
SigmaeAldrich (St. Louis, MO, USA).

384-well plates (3573) were supplied by Corning (NY, USA).
De-ionized water was purified by a Milli-Q water purification
system (Millipore, Molsheim, France). Centrifugation was carried
out in a refrigerated centrifuge Model Allegra X-30R (Beckman
Coulter, Brea, CA, USA). The bioassay test was carried out using
a Multidrop 384 reagent dispenser (Thermo Fisher Scientific,
Waltham, MA, USA), then monitored with a Synergy 2
monochromator-based microplate reader (BioTek, Winooski, VT,
USA). Samples and well plates containing samples were dried in a
vacuum oven from Shanghai Xiaohan Industrial Development
Co., Ltd. (XHDZF-6050, Shanghai, China).

4.2. Preparation of traditional Chinese medicine extracts

Dried Chinese herbal medicines (50 g) were milled (550 W, over
50 mesh size) by a multi-functional pulverizer (BJ-150, Baijie,
Shanghai, China). Then, they were sonicated three times (40 kHz,
250 W) in 500 mL 70% ethanol aqueous solution for 30 min at
30 �C, using an SB-5200 DTD ultrasonicator (Scientz, Ningbo,
China). After filtration, the 70% ethanol extracts were dried in a
Heidolph rotary evaporator (Hei-VAP, Heidolph, Schwabach,
Germany), collected and stored at �20 �C before use.

4.3. hMAO-B bioassay

The potential effects of compounds on human MAO activity were
investigated according to a previously described fluorescence
method based on kynuramine oxidation with slight adjustments56.
Rasagiline, safinamide, and toloxatone were used as reference
compounds57. The experiment consisted of measuring the fluo-
rescence of 4-hydroxy quinoline produced from kynuramine
dihydrobromide, using the oxidative deamination properties of
recombinant human MAOs.

25 mL hMAO-B enzyme solution (8 mg/mL) and 25 mL KYN
solution (46 mmol/L) containing various concentrations of the test
compound in DMSO (less than 2%) constituted a 50 mL final
volume of hMAO-B fluorescence kinetic reaction system in
aqueous phosphate buffered saline (PBS, 100 mmol/L, pH 7.4).
On the other hand, hMAO-A enzyme (5 mg/mL) activity detection
system was adjusted to be consistent with the catalytic rate of
hMAO-B.

Usually, the inhibitor-containing substrate and enzyme solu-
tions were respectively dispensed into a 384 black microplate
using an electronic multi-channel pipette, and then centrifuged at
2000 rpm for 3 min to mix them well. Afterwards, the kinetics of
the enzymatic reaction were quantitatively monitored using a
microplate fluorescence reader at 37 �C for 8 cycles at excitation
and emission wavelengths of 315 and 370 nm, respectively. The
inhibitory rate was calculated as Eq. (1):

Inhibition ð%ÞZ S0 � Si
S0 � Sb

� 100 ð1Þ

where Si and S0 are the slopes of fluorescence growth in the
presence and absence of inhibitor, Sb is the control slope deter-
mined in the absence of enzyme and inhibitor. Data were shown as
a mean � SD of three independent experiments and the eventual
IC50 values were calculated using Origin 9.0 software (Origin Lab,
Northampton, MA, USA). According to preliminary experimental
investigation, 0.125% of the non-ionic surfactant NP-40 was
added separately to the detection buffer system to reduce baseline
fluctuations.

4.4. High-throughput platform for screening hMAO-B inhibitors

The complete at-line nanofractionation screening platform for
hMAO-B inhibitors included HPLC separation and activity
detection.

Samples (20 mL) were analyzed using HPLC equipment
(Shimadzu LC-20AT, Tokyo, Japan) fitted with a SIL 20A auto-
sampler, a CTO-20A oven, an LC-20AT pump system with a flow
rate of 0.5 mL/min and an SPD-M20A photodiode array detector
with a class LC10 chromatography workstation. The column
temperature was set at 30 �C. RD-C18 columns (250 mm � 4.6
mm, 5 mm or 3 mm) equipped with an RD-C18 guard column
(4.0 mm � 3.0 mm i.d.) from Zhongpu Science (Guangzhou,
China) were used for all separations. Mobile phase A consisted of
0.1% FA in H2O, while mobile phase B was 0.1% FA in MeOH
or ACN. The gradient programs varied from one sample to
another and can be found in the legend of Fig. 3. All sample
solutions were filtered through a 0.22 mm membrane filter before
injection into the chromatographic system.

The high-resolution hMAO-B bioassay was performed ac-
cording to the reported standard literature protocols18 with slight
adjustments. After HPLC separation, the eluent was split in a 1:1
ratio. The other eluent portion was directed to LC‒MS/MS.

LC‒MS/MS analyses were performed using a Vanquish ultra-
high performance liquid chromatography system coupled to an
Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo
Fisher Scientific, Waltham, MA, USA). MS/MS spectra were ac-
quired in data-dependent acquisition (DDA) mode under the
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control of the acquisition software (Xcalibur 4.0.27, Thermo
Fisher Scientific, Waltham, MA, USA). The injection volume was
2 mL, the calibration of mass accuracy was performed with leucine
enkephalin as an internal standard, and positive and negative ions
were scanned separately. The ESI source parameters were set as
follows: sheath gas flow rate: 50 Arb; aux gas flow rate: 10 Arb;
capillary temperature: 320 �C; evaporator temperature: 400 �C;
full MS resolution: 60,000; MS/MS resolution: 15,000; collision
energy: 20/50/80 in HCD mode; spray voltage: 3.5 kV (positive)
or �3.0 kV (negative), respectively.

4.5. Semi-preparative purification of Chuanxiong Rhizoma
extracts

The four fractions of Chuanxiong Rhizoma extract were purified
using a semi-preparative Agilent 1200 Series chromatograph
(Agilent Technologies, California, USA) coupled to a variable-
wavelength ultraviolet detector (Agilent 1200 Series, G1314B).
Separations were performed on an RD-C18 column
(250 mm � 10 mm, 5 mm) equipped with an RD-C18 pre-column
(4.0 mm � 3.0 mm i.d.) from Zhongpu Science (Guangzhou,
China). A 50 mg/mL sample solution in 70% methanol was
analyzed using an injection volume of 500 mL‒1 mL, a flow rate
of 3 mL/min, and a detection wavelength of 254 and 220 nm.
Mobile phases were consistent with the high-resolution activity
chromatogram. Gradient elution was carried out as follows:
0e30 min, 40%e80%, 30e45 min, 80%e90%, 45e55 min,
90%e100%, 55e80 min, 100% MeOH.

According to the distribution area of active peaks and the
component distribution in each period, some post-column efflu-
ents from different periods were collected. For segment 1 the
period was 0e15 min, for segment 2, 16e25 min, for segment 3,
26e40 min and for segment 4, 41e80 min. Later, the segments
were dried by rotary evaporation at 45 �C to obtain the crude
extracts, which were sealed and stored in a �20 �C refrigerator.

4.6. Analysis of mass spectrometry data

According to mass spectrometry information data retrieved from
Chuanxiong Rhizoma, the database of compounds in Chuanxiong
Rhizoma was elaborated by referring to literature58e60. It was then
combined with a high-resolution mass spectrometry database of
traditional Chinese medicine components (OTCML), mzCloud,
ChemSpider online mass spectrometry database, mzVault 2.0,
Masslist mass spectrometry database, Compound Discoverer 3.3
software, and Mass Frontier 8.0 software (Thermo Fisher Scien
tific, Waltham, MA, USA), which provided fragmentation frag-
ments for comparison, and elucidation of the structure of poten
tially active compounds based on secondary fragment ions
(Supporting Information Table S1).

4.7. Reversibility of hMAO-B inhibition

The inhibition reversibility and type of hMAO-B inhibition
induced by sedanolide and neocnidilide were evaluated by kinetic
analysis. The inhibitory models were calculated using the
Lineweaver-Burk equation. A series of inhibitors solutions
(0.25 � IC50, 0.5 � IC50, 0.75 � IC50, 1 � IC50, 1.25 � IC50)
were mixed with different concentrations of hMAO-B (6, 8, 10,
12, 14 mg/mL) with a fixed KYN concentration (46 mmol/L), to
test inhibition reversibility.
4.8. Blood‒brain barrier permeability

ADME/Tox properties were predicted using the Discovery Studio
2019 program client version (Neotrident Technology Ltd., Beijing,
China), with an emphasis on compound solubility, BBB perme-
ability, and small intestinal absorption61. In addition, blood‒brain
barrier penetration was further verified by experiments using
immobilized artificial membrane (IAM) chromatography47. IAM-
based chromatographic analysis was performed on an Agilent
1200s system (Santa Clara, CA, USA), with an IAM.PC.DD
column (4.6 mm � 10 cm, 5 mm, 300 Å) purchased from Regis
Technologies (Morton Grove, IL, USA). The mobile phase was a
mixture of acetonitrile and Dulbecco’s phosphate-buffered saline
(DPBS) (20: 80, v/v) with pH adjusted to 7.0 using HCl. The flow
rate of the mobile phase was set at 0.5 mL/min, the temperature at
30 �C, and the ultraviolet absorption wavelength at 210 nm.
4.9. Cell viability assay

The viability of human neuroblastoma (SH-SY5Y) cells was
determined by CCK-8 assay according to a previously described
method51. SH-SY5Y cells were from American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in
DMEM/F12 medium containing 10% (v/v) FBS and 1% penicillin/
streptomycin in a humidified atmosphere of 5% CO2 and 95% air
at 37 �C. Cells were seeded in a 96-well plate at 1 � 104 cells/well
for 24 h at 37 �C with 5% CO2 and treated with 200 mmol/L 6-
OHDA for 16 h. The culture medium was removed and the cells
were then treated with different concentrations of inhibitors for 4 h
before stimulation with 10 mL of CCK-8 solution, with rasagiline
and safinamide as positive controls. Absorbance was measured at
450 nm with a microplate reader. Control cells treated with DMSO
alone were regarded as having 100% viability. Each compound
solution was diluted in a cell medium to reach the desired con-
centration. The concentration of DMSO in each well was always
lower than 0.1%. All results were presented as the mean � SD of
three independent experiments. EC50 values for neuroprotection
represent 50% effect exerted by compounds in cells and were
calculated from a logistic dose-response curve using Origin 9.0
software.
4.10. Molecular docking

The docking analysis was carried out using a Discovery Studio
2019 program client version (Neotrident Technology Ltd., Beijing,
China)62. The X-ray crystal structure of hMAO-B complexed with
safinamide with a resolution of 1.60 Å was obtained from the
RCSB Protein Data Bank (https://www.rcsb.org/) (PDB ID:
2V5Z)63. The ligand and water molecules were removed from the
crystal structure, and then hydrogen atoms were added. Since
hMAO-B is a homodimer, only the A chain and FAD 600 were
retained. The structures of the active compounds were obtained
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/)
and the SciFinder database (https://scifinder-n.cas.org/), and then
energy minimization was conducted. For semi-flexible docking,
the active site according to the safinamide-protein binding pocket
was set as (51.8861, 156.453, 28.5591, 10). The absolute value of
the molecular docking score represents the binding force between
an active compound and the therapeutic target. The higher the
score, the stronger the binding force.

https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://scifinder-n.cas.org/


1784 Yu Fan et al.
4.11. Molecular dynamics

Parameterized molecular dynamics of hMAO-B with FAD 600
and active compounds were carried out using the AMBER
FF99SB force field54. The corresponding.mol2 and.pdb files
were generated based on three digits of precision for atomic co-
ordinates over optimal conformation of inhibitors with hMAO-B.
Gauss View 5.0 was adopted to detect the structural integrity of
the protein, small molecules, and FAD and completely convert
them to.gif format. Then, a p B3LYP/6-31G* opt freq operation
code was added to the.gif format file, which was used to calculate
the precise charge of the protein and compounds. Subsequently,
Gaussian 16 software was implemented to run a charge calculation
of.gif, convert the calculation result to.fchk format, start Multiwfn,
and calculate the standard RESP charge, to generate a.chg file.
The.mol2 files of hMAO-B and compounds were then imported
into Sobtop 1.0 (dev3) software (Beijing, China) for correspond-
ing topology structures, and.gro, .top, and.itp files for GROMACS
calculations were generated. Charges in.itp were replaced with
charges in.chg. Later, based on the AMBER99SB force field and
TIP3P water box model (with 10 Å buffer), the hMAO-B‒com-
pound and hMAO-B‒FAD complexes, the atomic coordinate axis
information of hMAO-B, FAD, and compounds were respectively
constructed and integrated into a total topology file, followed by
100 ns molecular dynamics operation.

Docked complexes of protein, FAD, and compound were
limited, and solvated, and Naþ and Cl� ions were added for
charge neutralization. Afterward, energy minimization consisted
of 1000 cycles of steepest descent. The first simulation was a
Brownian dynamics run for 200 ps at 310.15 K in a canonical
ensemble (NVT) ensemble (1 atm). Further, MD simulation for
500 ps was performed in a constant pressure-constant temperature
(NPT) ensemble (310.15 K, 1 atm). The abovementioned equili-
bration was followed by a 100 ns simulation with a 2 fs integration
time step, during which 1000 trajectories were saved. GROMACS,
GMX MMPBSA, VMD, and R languages were used to calculate
and visualize results such as RMSD, root mean square fluctuation
(RMSF), binding free energy, energy decomposition of binding
free energy, hydrogen bond changes, free energy surface plots, and
amino acid residue covariance plots.
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