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Abstract: Tropomyosin kinase receptor B (TrkB) has been explored as a therapeutic target for neuro-
logical and psychiatric disorders. However, the development of TrkB agonists was hindered by our
poor understanding of the TrkB agonist binding location and affinity (both affect the regulation of
disorder types). This motivated us to develop a combined computational and experimental approach
to study TrkB binders. First, we developed a docking method to simulate the binding affinity of
TrkB and binders identified by our magnetic drug screening platform from Gotu kola extracts. The
Fred Docking scores from the docking computation showed strong agreement with the experimental
results. Subsequently, using this screening platform, we identified a list of compounds from the
NIH clinical collection library and applied the same docking studies. From the Fred Docking scores,
we selected two compounds for TrkB activation tests. Interestingly, the ability of the compounds to
increase dendritic arborization in hippocampal neurons matched well with the computational results.
Finally, we performed a detailed binding analysis of the top candidates and compared them with
the best-characterized TrkB agonist, 7,8-dyhydroxyflavon. The screening platform directly identifies
TrkB binders, and the computational approach allows for the quick selection of top candidates with
potential biological activities based on the docking scores.

Keywords: tropomyosin kinase receptor B; drug discovery; TrkB docking; neurodegenerative disease

1. Introduction

Alzheimer’s disease (AD) has become one of the most challenging chronic age-
associated diseases of the 21st century [1]. Despite years of intense research and numerous
on-going trials, new therapies capable of delaying the onset, slowing progression, or
improving the cognitive effects of AD are still needed [2,3]. Over 400 small molecular
compounds developed in preclinical studies focusing on β-amyloid (Aβ) plaques or neu-
rofibrillary tangles failed to progress through clinical trials [2]. The professionals in the
field strongly suggest that alternative targets and approaches are explored to identify new
potential drugs for the prevention and/or treatment of AD [4]. Numerous studies have
shown the link between brain-derived neurotrophic factor/tropomyosin kinase recep-
tor B (BDNF/TrkB) pathway activation and the improvement of neurological disorders,
such as AD or major depressive disorder [5–8]. Accumulating evidence demonstrates
BDNF, and its receptor TrkB, expression decrease in AD, and similar reductions exacerbate
hippocampal dysfunction in animal models of AD [9]. Decreased levels of BDNF have
also been reported in the serum and brain of AD patients [10–12]. Tau overexpression
or hyperphosphorylation down-regulates BDNF expression in primary neurons and AD
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animal models [13–15]. Additionally, BDNF has been found to have protective effects
on Aβ-induced neurotoxicity in vitro and in vivo [16], and BDNF administration directly
into the rat brain has been shown to increase learning and memory in cognitively im-
paired animals [17]. Therefore, BDNF/TrkB signaling may serve as a valid target for
ameliorating neurological and psychiatric disorders, including AD [8,18]. Targeting the
BDNF/TrkB signaling pathway for the development of therapeutics for AD will poten-
tially enhance our understanding of the disease [19]. Unfortunately, the natural ligand,
BDNF, cannot penetrate the blood brain barrier (BBB), leading to poor bioavailability in
the brain [20]. Alternatively, small molecule activators have been explored as a potential
drug candidate targeting the BDNF/TrkB pathway [21–23], such as 7,8-dihydroxyflavone
(7,8-DHF) [21,24,25], 7,8-DHF derivatives [26], and the mimetics of TrkB binding domains
(loop II) of BDNF (e.g., LM22A compounds) [27,28]. For example, a derivative of 7,8-DHF
(R13; 4-Oxo-2-phenyl-4H-chromene-7,8-diyl bis (methylcarbamate)) is currently under
consideration as a potential drug for AD [26]. These studies suggest that small molecule ag-
onists may have the potential as BDNF alternatives to activate the TrkB pathway. Recently,
it has also been shown that several antidepressants (such as fluoxetine or imipramine) work
through directly binding to TrkB and promoting BDNF signaling, further stressing the im-
portance of pursuing TrkB as a valid target to treat various neurological disorders [29]. For
example, TrkB activation in parvalbumin interneurons was required to promote reversal
learning in spatial and fear memory by antidepressants [30]. However, the mechanism of
small molecular TrkB activators has not been systematically studied in terms of binding
location, the correlation of binding affinity of activities, and the structural diversity of
small activators.

It has been a challenge to directly identify binders for transmembrane receptors be-
cause the receptors require boundary lipids for proper function. We recently developed a
novel magnetic screening nanoplatform (MSN) based on cell-membrane-coated magnetic
nanoclusters with immobilized receptors within the membrane [31,32]. The immobilized
transmembrane receptors can be used to directly identify binding compounds through
specific ligand–receptor interactions. This method works as a screening funnel to quickly
narrow down a large number of molecules to binding compounds. The coated magnetic
nanoclusters enable rapid binder isolation [32]. MSN can directly identify binders from a
library mixture, and pure compounds are not necessary. In addition, effective approaches
using transmembrane protein receptors as screening targets for direct compound identifica-
tion are very limited [33–35] because transmembrane receptors require boundary lipids to
function properly. MSN technology uses receptors within the cell membrane as functional
receptors. The ability of MSN technology to screen compound mixtures and the use of
transmembrane receptors as screening targets are two distinct benefits. The design of
MSN technology was based on the central hypothesis that direct drug–receptor binding
is essential to therapeutic functions. The screening experiments typically lead to a list of
receptor binders. However, the binding affinity, biological activities, and differentiation
between activators and inhibitors remain challenging. Taking TrkB as an example, several
studies have shown multiple binding sites are available for this receptor. It is highly chal-
lenging to experimentally differentiate the binding location of a binder and highly labor-
and cost-intensive to evaluate every single compound.

In this paper, we report a combined computational and experimental approach to
studying TrkB binders for the potential treatment of neurodegenerative disease. Experi-
mentally, we screened two different mixtures (Gotu Kola plant extract and the NIH clinical
collection library [36]) using MSN screening technology with TrkB as the screening tar-
gets. The resulting TrkB binders were evaluated with Fred Docking software 2.2.0 [37],
employing Chemgauss as its empirical-based scoring function, to elucidate the binding
sites and binding affinity. Subsequent experiments were conducted to test the selected
compounds. An overview of the experimental and computational process is illustrated in
Figure 1. Our study suggested strong synergy between the docking results and compound
activities evaluated by dendritic arborization in isolated Aβ-overexpressing hippocampal
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neurons. A strong association between TrkB activation and neuron development was
identified. Furthermore, our findings demonstrate the feasibility of using docking studies
to systematically explore all potential binding sites, allowing one to effectively narrow
down the top candidate compounds. Our combined approach will not only greatly benefit
drug discovery processes using TrkB transmembrane proteins as targets but also allow for
the evaluation and validation of any previously reported TrkB binders.
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Figure 1. A schematic illustration of (a) the binder identification process using TrkB as the screening
target, and (b) the docking computational studies and resulting information.

2. Results
2.1. Magnetic Drug Screening Nanoplatform

Our recently developed MSN based on cell-membrane-coated magnetic nanoclusters
with immobilized TrkB allowed for the direct identification of TrkB binders from mixtures.
This screening platform is able to identify and extract binding compounds through specific
ligand–receptor interactions, which quickly narrows down a large number of molecules to
binding compounds, while magnetic iron oxide nanoclusters inside enable rapid binder
isolation (Figure 1a). We demonstrated the proof-of-concept [31] and feasibility [32] of
this MSN technology to identify binders from small-molecule libraries and plant extracts.
Using this MSN screening platform with TrkB as the screening target, we have effectively
identified a list of TrkB binders from Gotu Kola plant extract [32]. To evaluate whether
the TrkB binders have the anticipated biological activity of activating TrkB, we performed
preliminary testing on one of the TrkB binders, 4-O-cafeoylquinic acid (4-O-CQA), using
dendritic arborization assay. The assay was performed using hippocampal neurons isolated
from 5xFAD mice and cultured in vitro [32]. The isolated 5xFAD hippocampal neurons
treated with 4-OCQA at 1 µM for several days significantly increased arborization in these
Aβ-expressing neurons [32].

However, it is a highly labor-intensive and costly process to evaluate the biological
activity of every identified TrkB binder. In addition, the screening process only leads
to binders, but no quantitative affinity information and no receptor binding sites can be
obtained. Therefore, we explored a docking computation approach to evaluate the binding
affinity of the TrkB binders and to elucidate the binding location within the receptor.
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2.2. Docking of TrkB Binding Compounds from Gotu Kola Plant Extract

To visualize and identify the binding mechanism of the Gotu Kola plant compounds,
we selected TrkB-D5 as the receptor for docking these ligands. TrkB-D5 is considered as a
favorable target for neurological and psychiatric disorder agonists, which bind to this TrkB
domain to mimic the binding of Brain-Derived Neurotrophic Factor (BDNF) [38–42]. We
leveraged the high-resolution X-ray crystallographic data of TrkB-D5 in the NT-4/5TrkB
complex (PDB ID: 1HCF) [43]. Derived from human sources and accessible through protein
databanks [44], this complex comprises four chains designated as A, B, X, and Y. In this
configuration, chains A and B form a neurotrophin 4 homodimer, while chains X and Y
correspond to two monomers of TrkB-D5. Figure 2a depicts the structure of TrkB-D5:NT-
4/5 complex formed by chain X and chain A. Our research primarily concentrates on chain
X of PDB ID 1HCF to simulate the docking process between the TrkB-D5 domain and
selected agonist candidates. The protocol for optimizing this structure is detailed in the
Docking Computation section.
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(chains X and Y), and NT-4/5 homodimer is colored blue (chain A) and gold (chain B). (b) Five
potential binding pockets in TrkB-D5 domain, where BP stands for Binding Pocket.

Using the OEDocking Graphical User Interface [37], we identified five potential bind-
ing regions for the TrkB agonists as depicted in Figure 2b. In our study, we utilized the
FRED docking score with the Chemgauss4 scoring function [37], which enhances molecular
docking accuracy by refining the assessment of hydrogen bond directionality and metal
chelator interactions, to rank the most favorable binding pockets for our TrkB binders
(Table 1). The default parameters in the FRED 2.2.0 software were employed in this study.
In particular, while Chemgauss4 is used for the optimization phase, Chemgauss3 is utilized
for the exhaustive search phase. Furthermore, the FRED software defines the “negative
image” to eliminate poses that either clash with the protein or extend too far from the
binding site. Specifically, the negative image describes the shape of the active site and is
stored as a potential grid surrounding it. This image highlights areas where ligand atoms
can make many contacts with the active site atoms without clashing and indicates likely
positions for ligand atoms during optimal binding. According to the Fred Docking scores
in Table 1, binding site 1 (BP 1) is the most favorable region for the investigated agonists,
but depending on the compound, the other four binding sites are also involved to some
extent. Table S2 presents a detailed analysis of the binding site regions (BP1 to BP5) within
the TrkB-D5 protein, highlighting the key amino acids responsible for hydrogen bonding
and hydrophobic interactions. Each binding site region is defined by a unique set of amino
acids that contribute to the overall stability and function of the protein–ligand complex. In-
terestingly, our experimentally tested bioactive compound, 4-O-cafeoylquinic acid, showed
high levels of binding affinity to all five binding sites and with much high binding in site
1. Although dicaffeopllauiric acid and castillicetin have slightly stronger binding to BP1
than 4-O-cafeoylquinic acid, the involvement of other binding sites is significantly lower
than 4-O-cafeoylquinic acid. The trend is very similar to the Fred Docking scores of the
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known TrkB agonist, 7,8-dihydroxyflavone, where BP1 has high binding affinity, with the
involvement of all other four binding sites. The synergy between the docking studies and
the experimental observation suggests that our docking computation provides an effective
tool to predict the activity of TrkB binders.

Table 1. Fred Docking scores (in kcal/mol) for all five different binding sites for compounds from
Gotu Kola extracts. BP stands for binding site. The notation “-” denotes that the software failed to
generate the pose because the docking score is out of the acceptable range. Here, the known TrkB
agonist, 7,8-dihydroxyflavone, was included for comparison.

Compound Names BP 1 BP 2 BP3 BP4 BP5

Dicaffeopllauinic Acid −7.63 0.74 −3.06 1.15 0.2

Castillicetin −7.32 2.59 −3.71 0.02 −2.10

O-Caffeoylquinic Acid −7.02 −3.77 −5.82 −4.14 −4.45

Stigmasterol −6.70 - 0.85 - 3.63

7,8-dihydroxyflavone −6.27 −2.26 −5.12 −3.91 −3.26

Quercetin −5.86 −3.35 −5.09 −3.25 −3.20

Pomolic Acid −4.99 5.91 −0.27 4.66 1.60

Madecassic Acid −4.89 5.94 −1.30 8.57 1.90

Naringin −3.52 - - - -

2.3. Screening of the NIH Clinical Collection Library

The plant extracts serve as a great resource for bioactive compounds; however, because
of the large number of compounds and the diverse structures, the properties of certain
compounds are not readily available. Therefore, we further applied our MSN technology
to screen the NIH clinical collection library. The NIH clinical collection library contains
708 compounds used in human clinical trials that have known therapeutic functions, well
understood molecular mechanisms of action, and available structural and physicochemical
properties. Following a similar procedure to that used to screen Gotu kola plant extracts
and to the compound analysis process, we have identified 17 compounds as TrkB specific
binders. The binder identification process based on ultra-performance liquid chromatog-
raphy (UPLC) chromatograms of binders eluted from MSN with TrkB and MSN without
TrkB was shown in Figure S1. Peaks only appeared in UPLC chromatograms of MSN
with functional TrkB but not in control MSN from TrkB-null cells were analyzed by mass
spectrometry as binders. Mass spetrometry was performed in both negative and positive
ionization mode, but the positive mode exhibits much better signals. Therefore, positive
ionization mode was used to analyze the TrkB binders. The compound matching process
was achieved by comprising the compound-detected masses with the NIH compound data
(Figure S2). Subsequently, we applied the same docking studies described previously to
the identified compounds.

The identified TrkB binders along with the Fred Docking scores (in kcal/mol) for all
five different binding sites are shown in Table 2. Similar to the binding behaviors of the
TrkB binders from Gotu kola plant extracts, BP1 is the favorable binding site for all the
binders from the NIH library. In addition, the binding affinities for the stronger binders
were also very close such as dicaffeopllauinic acid (−7.63 kcal/mol) and 4-O-cafeoylquinic
acid (−7.02 kcal/mol) for binders from plant extracts and nadolol (−8.13 kcal/mol) and
clofazimine (−7.36 kcal/mol) for binders from the NIH library.
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Table 2. Fred Docking scores (in kcal/mol) for all five different binding sites for compounds from the
NIH library. BP stands for binding site. The notation “-” denotes that the software failed to generate
the pose because the docking score is out of the acceptable range. Here, the known TrkB agonist,
7,8-dihydroxyflavon, was included as a comparison.

Compound Names BP1 BP2 BP3 BP4 BP5
Nadolol −8.13 −3.0 −4.75 −2.96 −4.95
Benproperine Phosphate −7.63 −0.51 −4.49 −2.44 −3.7
Clofazimine −7.36 6.46 2.77 - −4.79
Brimonidine −7.32 −4.77 −4.56 −4.51 −5.15
Amiodarone Hydrochloride −6.95 - - - -
3,5,3′-Triiodothyronine −6.67 −0.95 −4.69 −3.00 −3.13
7,8-dihydroxyflavone −6.27 −2.26 −5.12 −3.91 −3.26
Mestranol −6.18 −0.91 −3.45 −1.81 −1.48
Levonorgestrel −5.86 −0.08 −3.76 −2.57 −1.22
Ondansetron −5.84 −0.73 −3.53 −3.68 −3.29
Vecuronium Bromide −5.16 - 3.64 - 9.9
Raloxifene HCl −5.54 9.62 2.24 7.45 5.01
Oxaprozin −5.00 −1.2 −3.53 −3.07 −3.89
Valproic Acid −4.83 −3.06 −3.80 −2.96 −3.28
Deferiprone −3.66 −3.79 - - -
Diazepam −4.4 −1.31 −3.13 −1.39 −2.57
Loperamide Hydrochloride −4.50 8.24 −0.32 7.97 3.98

Nadolol is currently an FDA-approved β-blocker with known therapeutic functions;
well-understood molecular mechanisms of action; and available solubility, safety, and phar-
macokinetic properties. Most importantly, β-blockers have been shown to lower the risks
of AD [45]. In fact, the phase I trial is in process for studying the cognitive impacts of the
combination of clenbuterol and nadolol on mild dementia due to AD or other diseases [46].
In contrast, valproic acid that has been commonly used in the treatment of epilepsy and
bipolar disorder, was shown to be related to TrkB [47], and is considered to be a partial TrkB
agonist. The ability of MSN with functional TrkB to identify valproic acid also indicated
the effectiveness of MSN for TrkB binder identification. Therefore, those two compounds
were selected as top candidates for TrkB activation associated with neuron elongation using
primary hippocampal neurons isolated from embryonic C57BL6 mice. First, the isolated
primary neurons were treated with BDNF, the physiological ligand in the human body. Pri-
mary neurons exposed to 25 ng/mL of BDNF were observed to have increased arborization,
which is directly linked to increased neuroplasticity. The arborization was attenuated in the
presence of the TrkB selective inhibitor, ANA-12, as shown in Figure 3. Similarly, we tested
valproic acid and nadolol using the same dendritic arborization assay. Both molecules are
FDA-approved drugs with well-established bioavailability, toxicity, and BBB penetration
data. Specifically, valproic acid is readily soluble in water (50 mg/mL) and penetrates
the BBB [48]. Nadolol is slightly soluble in water (46.4 µg/mL) and has been previously
shown to cross the BBB [49]. Valproic acid at 500 µM and nadolol at 10 nM concentration
increased dendritic arborization compared to the control. The increase in arborization
elicited by nadolol was as effective as the one observed for BDNF, the positive control. The
increase in dendritic arborization caused by valproic acid treatment was less effective than
nadolol treatment but was significantly higher compared to negative control, which are in
agreement with the Fred Docking scores reported in Table 2. Most importantly, the den-
dritic arborization of the primary neurons exposed to both nadolol and valproic acid was
attenuated by the co-treatment with a selective TrkB inhibitor, ANA-12. ANA-12 blocks the
neurotrophic actions of BDNF without compromising neuron survival. ANA-12 was shown
in animal models to penetrate the BBB and block the cognitive effects associated with TrkB
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activation. TrkB agonists can activate the TrkB/BDNF pathways, which has been linked
to cognitive effects based on the literature. However, in vitro primary neuron activation
does not guarantee cognitive effects because the BBB penetration and brain bioavailability
of componds are critical. However, studies have shown that 7,8-DHF-treated 5xFAD mice
demonstrated cognitive improvement [50] and overexpression of BDNF [51]; we believe
that compounds activating the TrkB/BDNF pathway with high brain bioavailability may
have potential cognitive effects.
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Figure 3. TrkB activating compounds increase dendritic arborization in hippocampal neurons.
(a) Treatment with BDNF (25 ng/mL), nadolol (10 nM), and valproic acid (500 uM) increased dendritic
arborization in primary hippocampal neurons isolated from embryonic C57BL6 mice as quantified by
sholl analysis. The effects of BDNF, nadolol, and valproic acid were attenuated by co-treatment with
the TrkB inhibitor ANA-12 (100 uM). (b) Area under the curves calculated from panel A * p < 0.05,
*** p < 0.001, **** p < 0.0001.

2.4. Detailed Analysis of TrkB and Top Candidate Interactions

TrkB signaling has been explored as a therapeutic target for neurological and psychi-
atric disorders [29,38,52]. However, the development of TrkB agonists has not made notable
progress, especially with small molecule agonists. In addition, it is known that the binding
location of TrkB agonists affects the regulation of the types of disorders [42]. Therefore, it is
important to elucidate the interactions of TrkB binders and TrkB. Here, we will investigate
the interaction details of the top candidates based on computed binding affinities: nadolol
(∆∆G = −8.13 kcal/mol), valproic acid (∆∆G = −4.83 kcal/mol), and dicaffeoylquinic acid
(∆∆G = −7.63 kcal/mol). These binding energies were calculated using FRED docking
scores based on the Chemgauss4 scoring function. The Chemgauss4 scoring function em-
ploys Gaussian smoothed potentials to evaluate the complementarity of ligand poses within
the active site, focusing on interactions such as shape complementarity, hydrogen bonding
(both with the protein and implicit solvent), and metal–chelator interactions. Consequently,
our top candidate, nadolol, was selected based on its strong shape complementarity with
the binding site. Additionally, nadolol forms the most hydrogen bonds with crucial active
site residues, enhancing its binding stability. These components contribute to its higher
docking scores. As a positive reference, we also provided the binding pocket analysis of
7,8-dihydroxyflavone (7,8-DHF), a small molecule that acts as a selective agonist to the
TrkB receptor, specifically binding to its extracellular domain D5 [53–55]. Our computed
binding affinity of 7,8-DHF is ∆∆G = −6.27 kcal/mol (Tables 1 and 2), which is comparable
to our top compounds, nadolol and dicaffeoylquinic acid.

Figure 4 illustrates the 3D structures of the TrkB-D5 domain in complex with four
different ligands: 7,8-DHF, nadolol, valproic acid, and dicaffeoylquinic acid, highlighting
the spatial arrangement and interactions between the protein and the ligand of the binding
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pocket BP1. In each subfigure, the TrkB-D5 structure is rendered as a grey surface represen-
tation to depict the overall shape and binding pocket. The small molecule is shown as a
ball-and-stick model with carbon atoms in cyan, oxygen atoms in red, and hydrogen atoms
in white. To reveal the binding mechanism between the potential agonist and TrkB-D5
receptor, we first analyzed the interactions between TrkB-D5 (chain X) and NT-4/5 (chain
A) in the complex of PDBID: 1HCF.
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hydrogen in white.

Figure 5 depicts the hydrogen bonds as well as the residues involved in hydrophobic
effect. This analysis was generated by Ligplot+ [56] and re-rendered using Marvin [57]. In
the contact map, the hydrogen bonds are represented by green dashed lines, indicating the
distance between donor and acceptor atoms. These bonds are expected to be crucial for
the stability and specificity of the interaction between TrkB-D5 and NT-4/5. Key residues
forming the hydrogen bonds in TrkB-D5 include His353, Gly383, Asp298, and His335. The
hydrophobic contacts are depicted by curved lines around the involved residues. These
interactions contribute to the binding affinity and stabilization of the complex. Significant
hydrophobic contacts include residues such as Met379, Gly380, Pro382, Thr296, His343,
Phe291, and Val336 in the TrkB-D5 domain, interacting with various residues in NT-4/5. It
is reasonable to expect that agonists will involve similar residues of the TrkB-D5 receptor
in forming hydrogen bonds and hydrophobic contacts. Similar to the interaction analysis
in the 1HCF complex, we also revealed the details of hydrogen bonds and hydrophobic
contacts of the selected ligands in Figure 6.

Table 3 highlights the specific interactions between those compounds and the TrkB-D5
domain, including details on the hydrogen bonds, distances, and angles for each interaction.
It is reported that 7,8-DHF forms several hydrogen bonds with residues Gly344, Phe305,
and His335. Note that His335 is also involved in the hydrogen bonds of TrkB-D5 and
NT-4/5 complex. 7,8-DHF’s binding energy of −6.27 kcal/mol indicates moderate binding
affinity. This relatively higher (less favorable) binding energy is attributed to the fewer and
less optimal hydrogen bond interactions compared to other ligands. The most effective
agonist among the compounds investigated is nadolol, with a binding energy calculated
at −8.13 kcal/mol. This small molecule exhibits extensive hydrogen bonding with key
residues Asp298, Thr296, Gly344, His343, Thr306, and Phe305. The presence of these five
hydrogen bonds is responsible for the lower binding energy between nadolol and the TrkB-
D5 receptor. Nadolol and 7,8-DHF share two common hydrogen bonds involving residues
Gly344 and Phe305. Although the Phe305 hydrogen bond in nadolol (2.64 Å, 57.2◦) appears
to be weaker than the corresponding bond in 7,8-DHF (2.85 Å, 110.6◦), the higher number of
hydrogen bonds in nadolol contributes to its stronger binding affinity. Specifically, nadolol
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features strong hydrogen bonds with His343 (2.73 Å, 118.4◦) and Asp298 (2.14 Å, 96.9◦),
which significantly enhance its binding stability and affinity.
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Valproic acid forms a single hydrogen bond with His335 of TrkB-D5, resulting in a
binding affinity of −4.83 kcal/mol, which is not very promising. Notably, both 7,8-DHF
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and dicaffeoylquinic acid also form hydrogen bonds with His335, but these bonds are
weaker in terms of distance and angle (see Table 3). Additionally, His335 of TrkB-D5 forms
a hydrogen bond with Glu13 of NT-4/5 in their complex (see Figure 4). This suggests
that His335 plays an important role in the binding mechanism of TrkB-D5 with its ligands.
However, it may not be crucial for strengthening the binding affinity, as evidenced by
7,8-DHF, which has a weak hydrogen bond with His335 yet still exhibits low binding
energy.

Table 3. Hydrogen analysis between the top candidates and TrkB-5 domain. The first atom in the
hydrogen bond representation is from the considered ligand. The second component, specified with
the residue ID it is located in, is the acceptor (or donor) from TrkB-D5.

Hydrogen Bond Distance (Å) Angle (◦)
7,8-dihydroxyflavone

O3-H. . .N(Gly344) 2.69 46.0
O3-H. . .O(Phe305) 2.85 110.6

O4-H. . .ND1(His335) 3.18 45.6
Nadolol

O21-H. . .OD2(Asp298) 2.14 96.9
O21. . .H-OG1(Thr296) 3.06 62.5

O20-H. . .N(Gly344) 3.15 82.2
O19. . .H-ND1(His343) 2.73 118.4
O19. . .H-OG1(Thr306) 2.8 61.3

O19-H. . .O(Phe305) 2.64 57.2
Valproic Acid

O10. . .H-ND1(His335) 2.84 149.3
Dicaffeoylquinic Acid

O32-H. . .OD2(Asp298) 2.37 45.4
O27. . .H-ND1(His335) 2.99 129.7

O35-H. . .O(Gly344) 2.76 134.7
O35. . .H-N(Gly344) 2.55 96.4
O35-H. . .O(Phe305) 3.27 65.2

O34-H. . .OG1(Thr306) 2.65 91.5
O34. . .H-ND1(His343) 2.86 122.2

Dicaffeoylquinic acid is the second strongest binder after nadolol, with an estimated
binding energy of −7.63 kcal/mol, attributed to seven hydrogen bonds. Both dicaf-
feoylquinic acid and nadolol form hydrogen bonds with the same residues of TrkB-D5,
including Asp298, Gly344, Phe305, and His343. While dicaffeoylquinic acid forms a weaker
hydrogen bond with Asp298 compared to nadolol, its hydrogen bond with Gly344 is much
stronger. However, the binding energy of dicaffeoylquinic acid (−7.63 kcal/mol) is less
competitive than that of nadolol (−8.13 kcal/mol). Therefore, it can be concluded that form-
ing a strong hydrogen bond with Asp298 is crucial for effective binding to TrkB. In support
of this, Asp298 plays an important role in the hydrogen bond interactions between TrkB-D5
and NT-4/5 (Figure 4). All of the key amino acids responsible for the hydrogen bonding
and hydrophobic interactions of the binding site regions (BP1 to BP5) within the TrkB-D5
protein are shown in Table S2. Each binding site region is defined by a unique set of amino
acids that contribute to the overall stability and function of the protein–ligand complex.

To futher confirm the stability of these top compounds, we have carried out molecular
simulations using the Desmond package (MD) from Schrodinger v2024-1. These simu-
lations were performed to understand the stability and conformational changes of the
protein–ligand complexes over a 10 ns period. The TIP3P model was used for the solvent,
and the OPSL4 force field was applied for the simulations. Data were recorded at intervals
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of 10 ps. After 10 ns, the RMSD values for both the protein and ligands were mostly within
the acceptable limit of 2.5 Å, indicating stable complexes throughout the simulation period,
as shown in Figure S3.

3. Discussion

Our MSN screening nanoplatform was based on the specific ligand–receptor interac-
tions, where the outcome of screening experiments is receptor binders, while the biological
functions are not guaranteed. Therfore, bilogical activity tests are normally performed
to confirm the identification of compounds. In addition, for compound screening, the
specificity of the interaction with the target is critical. To ensure the specificity of TrkB
binders, we applied two strategies: (1) a control cell without the particular receptors and
(2) blocking the receptor with a known blocker; as controls. For example, for TrkB binder
identification, cells overexpressing TrkB and cells without TrkB (control) were used. In
addition, a well known inhibitor ANA-12 was also used to block the TrkB. For identified
TrkB binders, dendritic arborization assay was used to evaluate the biological activities
of TrkB binders from the screening experiments. Dendritic arborization is a functionally
relevant in vitro endpoint as it reflects the potential to modulate synaptic plasticity, which
serves as an indicator for TrkB activation [58].

To develop the docking methods for the evaluation of the binding location and binding
affinity of the identified compounds, we selected TrkB-D5 as the receptor for docking. TrkB-
D5 is considered as a favorable target for neurological and psychiatric disorder agonists,
which bind to this TrkB domain to mimic the binding of Brain-Derived Neurotrophic
Factor (BDNF) [38–41,59]. Subsequently, we used the experimentally tested compound
identified by MSN from Gotu kola plant extracts to validate the docking methods. Our
experimentally tested bioactive compound, 4-O-cafeoylquinic acid, showed high levels
of binding affinity to all five binding sites, with much high binding in site 1. Although
dicaffeopllauiric acid and castillicetin have slightly stronger binding to BP1 than 4-O-
cafeoylquinic acid, the involvement of other binding sites is significantly lower than 4-O-
cafeoylquinic acid. This trend is very similar to the Fred Docking scores of the known TrkB
agonist, 7,8-dihydroxyflavone, where BP1 has high binding affinity, with the involvement of
all other four binding sites. The synergy between the docking studies and the experimental
observation suggests that our docking computation provides an effective tool to predict the
activity of TrkB binders.

Subsequently, we applied a similar experimental screening process to the NIH clinical
collection library and docking methods to the identified binders. The Fred Docking scores
(in kcal/mol) of the identidied compounds from the MSN screening of the NIH library
showed very similar binding behaviors to the TrkB binders from the Gotu kola plant
extracts, where BP1 is the favorable binding site and only some compounds are involved
in all of the binding sites. In addition, the binding affinities for the stronger binders were
also very close such as dicaffeopllauinic acid (−7.63 kcal/mol) and 4-O-cafeoylquinic
acid (−7.02 kcal/mol) for binders from plant extracts and nadolol (−8.13 kcal/mol) and
clofazimine (−7.36 kcal/mol) for binders from the NIH library. These results suggest that
the MSN screening process is highly reliable and applicable to different screening sources.
In addition, the docking methods can be effectively used to predict the binding affinity and
binding sites.

To further validate the docking methods, the biological activities of two candidates
(nadolol—the strongest binding affinity, and valproic acid—medium binding affinity) were
experimentally tested. The increased dendritic arborization of the primary neuron treated
by nadool was similar to that of BDNF, but treatment with valprioc acid was less effective.
These results suggested the correlation of the Fred Docking scores and the biological
activities of the binders. In addition, the dendritic arborization of the primary neurons
exposed to both nadolol and valproic acid was attenuated by the co-treatment with a
selective TrkB inhibitor, ANA-12. This observation indicated the direct involvement of TrkB
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activation and further proved the syngery of the docking methods and the MSN screening
for the identification of potenrial TrkB agonists.

Detailed binding studies also suggest that the strength and number of hydrogen bonds
significantly influence the binding affinity of ligands to the TrkB-D5 domain. Specifically,
the presence of strong hydrogen bonds with key residues such as Asp298 and His343 is
crucial for achieving low binding energies and thus high binding affinity. Additionally,
while His335 plays a role in the binding mechanism, it may not be critical for enhancing
binding strength, as evidenced by the moderate affinity of 7,8-DHF and the weak binding
of valproic acid. Overall, these findings highlight the importance of specific hydrogen bond
interactions in determining the binding efficacy of potential TrkB-D5 agonists.

4. Materials and Methods
4.1. Materials

Chemicals and reagents were mainly purchased from VWR unless otherwise indicated:
ferric chloride (VWR, 98% purity, St. Louis, MO, USA), sodium acetate (99%), ethylene
glycol, sodium polyacrylate solution (Sigma Aldrich (St. Louis, MO, USA), 45% water,
MW = 1200), RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA), fetal bovine serum (FBS,
Thermo Scientific, Waltham, MA, USA), penicillin/streptomycin (Thermo Scientific), Tris-
HCl, NaCl (>99%), MgCl2 (≥98%), CaCl2 (≥99%), KCl (>99%), ammonium acetate (>99%),
benzamidine hydrochloride (>99%), EDTA (≥98%), phenylmethanesulfonylfluoride (PMSF
≥ 98.5%), and geneticin (G418).

4.2. Magnetic Screening Nanoplatform (MSN)

MSN using TrkB as a screening target was prepared using our previously reported
protocols [32]. Briefly, cell membrane fragments were first isolated from SH-SY5Y cells
overexpressing TrkB and TrkB-null cells treated with hypotonic buffers. Subsequently, 3 mL
of cell membrane fragment Bis-Tris buffer (20 mM, pH 7.2) solution from 107 cells was
mixed with 1.0 mL of sterilized 1.0 mg/mL polyacrylic acid-coated iron oxide nanoclusters.
The mixture was vortexed briefly and incubated on ice for 30 min at room temperature.
Then, the mixture was tip sonicated for 120 s (following the method 27% amplitude,
5 s on, and 5 s off) using a Branson Digital Sonifier with a micro one-eighth-inch tip.
After characterization, MSN with TrkB was stored at 4 ◦C until further experiments were
conducted.

4.3. Screening of NIH Library

We have previously established the screening conditions for hot water plant extract
and small molecule DMSO mixtures, and compound elution protocols using MSN with
TrkB [32]. Here, we used the NIH clinical collection library as the screening source that
contains 708 compounds used in human clinical trials with known therapeutic functions,
biological mechanisms of action, and available structural and physicochemical proper-
ties. To perform the fishing experiment, a mixture of compounds from the library was
prepared by combining 1 µL of each compound (10 mM). The mixture was then diluted
with ammonium acetate buffer (50 mM, pH 7.4) 100 times followed addition of 250 µL of
MSN. The mixture was incubated for 20 min at 37 ◦C to facilitate ligand binding. Then, the
MSN- with bound compounds were magnetically separated from the mixture and washed
three times using ammonium acetate buffer (250 µL, 50 mM, pH 7.4). Finally, MSN-bound
compounds were eluted with 250 µL of methanol/ammonium acetate buffer (1/9, 5/5, and
9/1 v/v) to release compounds of different polarities. The elution profiles were analyzed
using a Waters Xevo G2xs quadrupole-time-of-flight mass spectrometry with an iclass
ultra-high-performance liquid chromatography system.

4.4. Docking Computation of TrkB and Its Agonists

In this study, we used Fred [37], a computational docking tool from OpenEye, to
perform all docking calculations. We first employed the flipper utility from the OpenEye
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OMEGA module [60] to systematically identify and assign configurations to stereocenters
with unspecified stereochemistry within our compounds. This process was initiated by pro-
viding the input file containing SMILES representations of compounds with indeterminate
stereochemistry. The flipper tool was then used to generate isomers for these compounds,
each of which was labeled with a distinct identifier to ensure their uniqueness. This process
allows for the enumeration of five distinct isomers per stereocenter. Then, we determined
the predominant tautomeric and protonation states for each isomer at physiological pH
(7.4), a crucial step for accurately representing the chemical structures under biological con-
ditions. We utilized the tautomeric application from the OpenEye QUACPAC module [61]
for this calculation, where the input is the SMILES file containing all stereoisomeric forms
from the previous step and the output is the most stable tautomeric and protonation state
for each isomer.

To prepare the initial ligand pose for the docking simulations, we utilized the oeomega
tool [60] from the OpenEye software suite 2024.1.0. This process transforms two-dimensional
SMILES representations of the ligands into three-dimensional structures ready for dock-
ing. The output is saved in SDF format. For this ligand pose generation, the creation of
conformers is permitted without strict stereochemical constraints, which is relevant when
the stereochemistry is undefined or variable. To ensure the accuracy of our docking simula-
tions, it is crucial to begin with a fully prepared receptor structure. This preparation entails
adding any missing protons or residues that may be absent from the initial protein data file.
Completing the receptor’s structure provides a more reliable foundation for subsequent
simulations and analyses. For this purpose, the profix tool from JACKAL software [62] is
employed. Specifically, we selected the “-fix 0” option, designed to address missing atoms,
including protons, within the receptor without attempting to reconstruct missing residues.
This focused approach ensures that our receptor models are proton-complete, a crucial
factor for accurate hydrogen bond network predictions.

To determine the potential binding sites of TrkB, we leverage the capabilities of the
OEDocking Graphical User Interface (GUI) [37] developed by OpenEye. The OEDocking,
renowned for its intuitive design and advanced computational algorithms, allows us
to efficiently identify sites on the protein surface that are likely to accommodate ligand
molecules. To begin, we loaded the three-dimensional structure of our target protein into
the OEDocking GUI. The software then performs a comprehensive analysis of the protein’s
surface, employing a combination of geometric and chemical heuristics to detect cavities
that could serve as feasible binding sites based on the molecular cavity detection algorithms.
Once the potential sites are identified, the OEDocking GUI provides an option to save
these sites for further analysis. We utilized this feature to preserve the identified sites
in a designated file format, which facilitates subsequent steps in our workflow, such as
docking simulations. Lastly, we employed Fred to dock the chosen binding sites with the
ligands, using the initial poses generated in preceding steps. The most favorable binding
site regions are then ranked according to the Fred Docking scores.

4.5. Structures of Docked Compounds

In the context of docking simulations, our investigation targets the binding interactions
of eight specific compounds derived from the Gotu Kola plant with the TrkB receptor [32].
Additionally, we are examining the binding mechanisms of the top 20 compounds as identi-
fied through experimental methods from the NIH repository. The SMILES representations
of these compounds are listed in Table S1.

4.6. Biological Activity Evaluation of Top Compounds

The binding interactions of the TrkB receptor with the eight specific compounds
derived from the Gotu Kola plant from our previous studies [32] showed the strong
agreement of the binding score and experimental activities. Therefore, using the binding
score as guidelines, we selected two additional compounds with distinct binding affinities
from the NIH clinical collection library as top candidates for experimental verification,
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namely, nadolol and valproic acid. We performed the initial evaluation of these two
compounds to evaluate their effects on dendritic arborization elongation using primary
hippocampal neurons isolated from embryonic C57BL6 mice following the previously
described method [62,63]. Briefly, hippocampal neurons were isolated from embryos on
gestational day 18 and plated at a density of 130,000 cells in a 60 mm dish containing
three glass coverslips. After 3 h, coverslips were flipped into 60 mm dishes containing
mouse neural stem cell-derived glial cells. Co-culture continued for 14 days, at which
point cells were treated with BDNF at 25 ng/mL, nadolol at 10 nM, and valproic acid
at 500 µM. One week later, cells were fixed in 4% paraformaldehyde and stained with
Anti-MAP2B. Immunostained neurons were imaged with a Zeiss ApoTome2 microscope,
and blinded Sholl analyses were performed to assess dendritic complexity using the Fiji
platform. The Sholl analysis was measured as intersections of neurites through concentric
circles around the cell body moving out at 10 µm intervals. Here, BDNF treatment was used
as a positive control. Additionally, the experiments were performed by the co-treatment
with a selective TrkB inhibitor ANA-12. ANA-12 blocks the neurotrophic actions of BDNF
without compromising neuron survival. ANA-12 co-treatment allowed one to confirm the
involvement of TrkB activation in the neurite development.

5. Conclusions

In conclusion, we reported a combined computational and experimental approach to
study the TrkB binders for potential neurological disorder treatment. The Fred Docking
scores (in kcal/mol) of experimentally identified TrkB binders from docking simulation
displayed strong agreement with the top candidates. The experimentally tested top can-
didates, such as 4-O-QCA and nadolol, effectively increased the dendritic arborization
of primary hippocampal neurons isolated from AD-mouse models. From the docking
simulation, these top candidates showed the high affinity of the most favorable binding
site (BP1), with the involvement of the other four binding sites. This observation is also
true for the best-characterized, thoroughly in vivo-tested, small molecule TrkB agonist,
7,8-dihydroxyflavone. These studies not only confirmed the effectiveness of our magnetic
drug screening platform in identifying biological active compounds from mixtures but also
showed the feasibility of using docking simulation to predict the biological activities of com-
pounds. Particularly, our detailed interaction analysis demonstrated that specific hydrogen
bonds, especially those involving key residues such as Asp298 and His343, are crucial for
strong binding affinities. This combined experimental and computation approach is poised
to explore the BDNF/TrkB pathway as a viable target for drug development. This study
will lead to a list of TrkB binders with potential biological activities. Our future studies
will focus on in vivo efficacy studies in animal models. Depending on the structures of the
compounds, further structural alteration or formulation lead compounds may be needed
for BBB penetration and enhanced brain bioavailability in order to be advanced to the next
phase of drug development. Furthermore, once compounds stimulating the BDNF/TrkB
pathway are validated, different mouse models of other neurodegenerative diseases can
further evaluate these compounds. Finally, the developed drug-screening assay will be
transferable to other transmembrane targets related to neurodegenerative diseases. Our
combined approach will not only greatly benefit drug discovery processes using TrkB
transmembrane proteins as targets but also allow for the evaluation and validation of any
previously reported TrkB binders.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules29173992/s1, Figure S1: Compound identification
process; Figure S2: Mass spectra of identified peaks for compound conformation; Figure S3: MD sim-
ulations of docked complexes; Table S1: Summary of 25 compound structures; and Table S2: TrkB-D5
binding site analysis.

https://www.mdpi.com/article/10.3390/molecules29173992/s1
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