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ABSTRACT: Brain-derived neurotrophic factor (BDNF) and its
receptor tyrosine receptor kinase B (TrkB) have been shown to play
an important role in numerous neurological disorders, such as
Alzheimer’s disease. The identification of biologically active
compounds interacting with TrkB serves as a drug discovery
strategy to identify drug leads for neurological disorders. Here, we
report effective immobilization of functional TrkB on magnetic iron
oxide nanoclusters, where TrkB receptors behave as “smart baits” to
bind compounds from mixtures and magnetic nanoclusters enable
rapid isolation through magnetic separation. The presence of the
immobilized TrkB was confirmed by specific antibody labeling.
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Subsequently, the activity of the TrkB on iron oxide nanoclusters was evaluated with ATP/ADP conversion experiments using a
known TrkB agonist. The immobilized TrkB receptors can effectively identify binders from mixtures containing known binders,
synthetic small molecule mixtures, and Gotu Kola (Centella asiatica) plant extracts. The identified compounds were analyzed by an
ultrahigh-performance liquid chromatography system coupled with a quadrupole time-of-flight mass spectrometer. Importantly,
some of the identified TrkB binders from Gotu Kola plant extracts matched with compounds previously linked to neuroprotective
effects observed for a Gotu Kola extract approved for use in a clinical trial. Our studies suggest that the possible therapeutic effects of
the Gotu Kola plant extract in dementia treatment, at least partially, might be associated with compounds interacting with TrkB. The
unique feature of this approach is its ability to fast screen potential drug leads using less explored transmembrane targets. This
platform works as a drug-screening funnel at early stages of the drug discovery pipeline. Therefore, our approach will not only greatly
benefit drug discovery processes using transmembrane proteins as targets but also allow for evaluation and validation of cellular
pathways targeted by drug leads.
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B INTRODUCTION

The treatment of neurodegenerative diseases remains as a great
medical challenge, which affects millions of people, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and many
other neurological disorders." Currently, truly effective treat-
ments for neurodegenerative diseases are not available.”” For
example, clinical translation of nearly all (>400) tested
compounds for AD were unsuccessful, where all the
compounds were developed relying on the amyloid beta
plaque hypothesis.” Therefore, there is an urgent need to
develop approaches allowing for the identification of
compounds interacting with and modulating novel and less
explored targets. Alternative approaches of developing neuro-
protective therapies to activate and restore neuronal functions
have recently attracted much attention.” For instance, many

example, BDNF, the physiological TrkB activator, was found to
have protective effects, both in in vitro and in vivo, on Ap
induced neurotoxicity.'"” BDNF administration directly to rat
brain was shown to increase learning and memory in impaired
animals."" Unfortunately, BDNF cannot be used as a treatment
option because of its poor bioavailability, inability to penetrate
the blood brain barrier, and the observed adverse side effects
from its oral administration.'” Alternative approaches using
small molecule activators to stimulate TrkB have been
explored.l?’ For instance, 7,8-dihydroxyflavone (7,8-DHF), a
natural molecule in the family of flavonoids, was shown to
activate TrkB.'>'* These studies suggested that TrkB might
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studies have shown that low levels of brain-derived neuro- Published: July 26, 2021

trophic factor (BDNF) and dysregulation of BDNF high
affinity receptor tropomyosin-receptor-kinase B (TrkB) are
associated with neurological disorders, such as AD.°™ For
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Figure 1. Schematic overview of reported studies: CMMN structure, characterization, and screening experiments.

serve as a valid target for neurological and psychiatric
disorders.”"” In fact, a derivative of 7,8-DHF is currently
under consideration as a possible drug for AD.'® In addition, it
has been shown that the mimetics of TrkB binding domains
(loop II) of BDNF, such as LM22A compounds, directly
activated TrkB, exhibiting neurotrophic activity.'” Peptides
mimicking BDNF on nanostructure surfaces were also shown
to activate the TrkB signaling pathway.'®

In addition to the role in neurological disorders, BDNF/
TrkB pathway was shown to be involved in tumor growth and
metastasis for several cancer types, such as breast, lung, and
neuroblastoma.'””*” In particular, activation or inhibition of
TrkB led to distinct cancer responses. For example, activation
of TrkB was shown to decrease the sensitivity of cancer cells to
chemotherapy drugs, resulting in drug resistance and enhanced
cancer metastasis.”> On the other hand, inhibition of TrkB
showed effectiveness in preventing cancer metastasis and
progression.'”** Several small molecule drugs have been FDA
approved to treat cancer by targeting kinase receptors, such as
entrectinib approved in August, 2019 and larotrectinib
approved in November, 2018. Therefore, identification of
TrkB specific binders (activators or inhibitors) is of great
medical importance for both neurological disorders and cancer
treatment.

TrkB is a transmembrane protein that stimulates a number
of biological pathways upon activation. The use of trans-
membrane receptors as pharmacological targets is significant,
because more than 50% of all modern drugs target trans-
membrane proteins.””~>” Identification of small molecules
targeting transmembrane receptors is particularly challenging
in drug discovery because these proteins require boundary
lipids to function. In order to identify binding compounds
targeting TrkB, compounds are typically tested using tradi-
tional cell-based assays.”* ™" One of the major limitations of
this method is that it allows for only screening individual
compounds but not mixtures, which precludes the use of
complex matrices such as plant/bacterial/fungal extracts or
synthetic mixtures. In addition, cellular processes always are
associated with many different pathways, which makes it
difficult to elucidate the specific biological process involved.
Therefore, it is highly desirable to design a screening platform
allowing for screening complex mixtures for direct identi-
fication of TrkB binding compounds. Traditional screening
methods often require isolation of individual compounds from
mixtures through chemical separation, followed by dereplica-
tion and assay analysis, which are time-consuming, labor-
intensive, and costly.”' High throughput screening techniques
mainly focus on synthetic libraries of individual compounds
and are not compatible with mixtures.”” Immobilization of
transmembrane proteins on solid surfaces has been previously
studied for the identification of drug candidates from complex
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natural matrices, but maintaining receptor activity has been
challenging.”**%373¢

While several other techniques of protein immobilization
have been reported, several aspects of these approaches are not
suitable for immobilizing transmembrane receptors and
screening complex mixtures. For example, magnetic bead
technology can directly fish out binding compounds through
the immobilized protein targets on the bead surfaces,
eliminating the need to isolate individual compounds.”®’’
However, the immobilized proteins have been limited to
cytosolic proteins,”® such as enzymes® and antibodies.”**’
This is a significant limitation, because over 50% of all modern
pharmaceuticals use membrane proteins as prime targets.”> >’
In addition, magnetic bead separation suffers from significant
nonspecific binding of compounds to the bead surfaces,
making them unsuitable for screening complex matrices.”®
Another approach, known as cellular membrane affinity
chromatography, attempts to immobilize cell membrane
fragments on micron-sized silica beads as the stationary
phase in packed columns for compound fishing.”” However,
the preparation of the packed column requires a large amount
of cells and is time—consuming.40 In addition, the use of high
pressure during the stationary-phase packing process causes
protein activity loss,*' leading to a short column lifespan.*' We
have demonstrated the proof of concept using cell membrane-
coated iron oxide nanoparticles to screening mixtures,*” where
the immobilized nicotinic receptors behaved as “smart baits” to
bind compounds from mixtures and magnetic nanoparticles
enabled rapid isolation through magnetic separation. However,
the encapsulation of different amounts of nanoparticles inside
cell membranes leads to different sizes of nanostructures and
an inhomogeneous magnetic response.

In this paper, we report the immobilization of a novel target
for neurological disorders, functional TrkB receptors on
magnetic iron oxide nanoclusters (a cluster of iron oxide
nanoparticles). Here, iron oxide nanoclusters are fully
encapsulated inside cell membranes with functional TrkB
receptors. The presence of TrkB receptors was confirmed with
fluorescence specific antibody labeling, and their activities were
evaluated with ATP/ADP conversion experiments. Subse-
quently, TrkB receptors on nanocluster surfaces were used as
targets to identify TrkB binders from compound mixtures with
three levels of complexity: mixtures with known binders of
known concentrations, a synthetic small molecule library, and
plant extracts. To exclude nonspecific binding, a nanoplatform
was also prepared using a parental cell line not expressing TrkB
receptors as the negative control for all experiments.
Compounds binding to the drug-screening platform prepared
with the TrkB-expressing cell line and not binding to those
obtained from TrkB-null cell line were marked as binders.
Compounds binding to the nanoplatform prepared with both
types of cells were marked as nonspecific binders.
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A schematic overview of the reported studies is shown in
Figure 1, where the drug discovery assay based on cell-
membrane encapsulated magnetic nanoclusters (CMMNs) was
first confirmed structurally with functional TrkB and then was
applied to screen an artificial mixture with a known binder, a
synthetic small molecule library, and Gotu Kola plant extracts.
This assay allows for directly fishing out TrkB binders from
very complex matrices. Importantly, some of the identified
compounds from Gotu Kola plant extracts agreed well with
previously reported compounds from an extract currently used
in a clinical trial. Our studies suggested that the possible
therapeutic effects of the Gotu Kola plant extract in dementia
treatment, at least partially, might be associated with
compounds interacting with TrkB. Therefore, our approach
will not only greatly benefit the drug discovery process using
transmembrane protein as targets but also allow for the
evaluation and validation of cellular pathways of the tested
molecules.

B RESULTS AND DISCUSSION

This paper developed a drug-screening platform, CMMNs with
functional TrkB receptors. TrkB is an integral transmembrane
protein, where the presence of the preserved boundary lipids is
critical to maintaining TrkB functions. Therefore, cell
membrane fragments rather than free purified TrkB proteins
were first prepared and subsequently used to encapsulate iron
oxide nanoclusters.

Preparation and Characterization of CMMNs with
TrkB Receptors. The cell membrane fragments with TrkB
were prepared using SH-SYSY neuroblastoma cells over-
expressing TrkB following our previously developed protocols
with slight modification.””** Numerous protocols on the
preparation of cell membrane fragments have been reported
prior to their immobilization on solid surfaces.”® We have
tested several experimental conditions and found that the
addition of 10% glycerol to hypotonic buffers greatly enhanced
the yield of cell membrane fragments and improved TrkB
immobilization. The TrkB receptors were immobilized on
spherical magnetic iron oxide nanoclusters (a collection of
individual iron oxide nanoparticles) to enable rapid isolation of
binding compounds via magnetic separation. The iron oxide
nanoclusters of about 200 nm were sInthesized using a well-
documented solvothermal method.*>** Here, the use of iron
oxide nanoclusters had several advantages: (1) nanoclusters
remain superparamagnetic but have much higher magnetic
moments than individual superparamagnetic nanoparticles,
which enables rapid magnetic separation; (2) the size is large
enough to immobilize sufficient TrkB receptors on the surfaces
but still small enough to remain as a colloidal suspension.
Large iron oxide nanoparticles (>400 nm) precipitate out of
the aqueous solution quickly. The solvothermal method
involved first mixing reactants (iron chloride, sodium acetate,
and polyacrylic acid) in ethylene glycol, a reducing solvent,
under stirring; then, the mixture was reacted in a sealed
Teflon-lined stainless steel hydrothermal reactor at 200 °C to
induce iron oxide nanocluster formation.* Subsequently, the
cell fragments and nanoclusters were incubated on ice for 30
min to induce CMMN formation followed by ultrasonication
(27% amplitude) for 1 min and 20 s (S s pulse on, 5 s pulse
off) to create CMMN3s.

Figure 2A shows a typical transmission electron microscopy
(TEM) image of CMMNs created using cell membrane
fragments from SH-SYSY neuroblastoma cells overexpressing
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Figure 2. (A) TEM image of CMMNs with a closer view of a CMMN
(inset), (B) DLS plot of CMMNs in bis—tris buffer, and confocal
images of cell membrane fragments from cells overexpressing TrkB
(C) and TrkB-null cells (D) immobilized on silica microbeads. The
TrkB receptors were first incubated with BDNF and then labeled with
the anti-BDNF primary antibody and fluorescence-labeled secondary
antibody.

TrkB. Membrane coverage on the iron oxide nanocluster
surfaces was clearly visible, indicated by the lighter shell
(Figure 2A-inset). In contrast, iron oxide nanoclusters prior to
cell membrane coating did not show any light shells (Figure
S1). For CMMN formation, two parameters are essential: one
is TrkB activity that determines the latter binder identification
process through the specific interactions between receptors
and binders; the other is the full encapsulation of the
nanoclusters inside the cell membrane to eliminate nonspecific
direct binding to nanocluster surfaces. Because a TEM image
only represented a small number of CMMN:s, the size and size
distribution of CMMNs were also measured in a buffer
solution using dynamic light scattering (DLS). The DLS plot
showed an average size of CMMNs around 200 nm, similar to
the size observed from the TEM image, indicating CMMNSs in
solution were free of aggregation or other sized free vesicles
(Figure 2B).

In order to confirm the presence of TrkB on CMMN
surfaces, CMMNSs were incubated with BDNF and then
labeled with the anti-BNDF primary antibody followed by
detection with the fluorescence-labeled anti-IgG secondary
antibody. Unfortunately, because of the size detection limit of
confocal microscopy, these antibody-labeled CMMNs were
not visible. Alternatively, cell membrane fragments prepared
using SH-SYSY neuroblastoma cells overexpressing TrkB were
immobilized on silica microbeads. The cell membrane-covered
microbeads were first incubated with BDNF and then labeled
with the BDNF targeting primary antibody and fluorescence-
labeled secondary antibody (Figure 2C). The intensive green
shell indicated not only the high density of TrkB within the cell
membrane fragments from SH-SYSY neuroblastoma cells but
also their interactions with BDNF. Here, cell membrane
fragments obtained from a TrkB-null parental cell line were
used as a negative control, which did not show much
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Figure 3. (A) Schematic representation of the TrkB structure, (B) tyrosine kinase activity-related reaction, an ATP dependent process, and (C)
ESI-MS plots (negative ionization mode; ATP m/z 505.8; ADP m/z 425.9): (top) Levels of ATP and ADP after 30 and 60 min of incubation of
CMMNs with S mM ATP and 100 uM 7,8-DHF at 37 °C, (middle) levels of ATP after 30 min of incubation of CMMNs with S mM ATP and with
and without 100 zM 7,8-DHF at 37 °C, and (bottom) levels of ATP after 24 h of incubation of CMMNs with S mM ATP and 100 uM 7,8-DHF at

4 °C.

detectable fluorescence (Figure 2D). The experiment
performed in the presence of anti-BDNF antibody but without
BDNEF also resulted in the lack of fluorescence on the surface
of silica beads. Silica beads prepared with TrkB-null cells and
incubated with BDNF and anti-BDNF antibodies also showed
no detectable fluorescence. For each step of labeling, silica
beads were separated out of the solution by centrifugation and
washed using ammonium acetate buffer (10 mM, pH 7.4, 0.5
mL) with 1% sodium cholate to remove any nonspecific
binding.

Activity of the Immobilized TrkB on CMMNs. The
activity of the immobilized TrkB is crucial for specific
identification of binding compounds. TrkB has several distinct
structural components,” as shown in the schematic representa-
tion (Figure 3A). TrkB receptors exist in a dimer form, and the
extracellular domains include three leucine-rich repeats
surrounded by two cysteine-rich domains and immunoglobulin
(Ig)-like domains close to the transmembrane regions. The Ig-
like domains are mainly responsible for TrkB agonist binding,
and TrkB ligand binding causes TrkB dimerization and
subsequent activation of the tyrosine kinase intracellular
domain. Therefore, it is important to evaluate the TrkB
activity related to tyrosine kinase. Figure 3B shows the typical
reaction of tyrosine kinase in the presence of ATP. Here, we
tested the activity of the immobilized TrkB receptors by
monitoring the conversion of ATP to ADP, a process
commonly performed by all types of tyrosine kinase receptors.
Specifically, CMMNs with TrkB receptors were incubated with
S mM ATP and 100 M of known activator 7,8-DHF at 37 °C
for 30 or 60 min. The conversion was analyzed by electrospray
ionization mass spectrometry (ESI-MS). The analysis was
performed using direct injection of the analysis mixture onto
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the mass spectrometer without prior separation on an
analytical column; thus, the elution times were very short.
Both ATP and ADP were monitored in the negative ionization
mode. The conversion of ATP to ADP was clearly observed
(Figure 3C-top) by the intensity change of the peaks. The
TrkB activation by an activator is critical for the phosphor-
ylation of kinase to convert ATP. CMMNs incubated with 5
mM ATP but without 7,8-DHF showed no significant
reduction in the conversion of ATP to ADP (Figure 3C-
middle). Similar ATP to ADP conversion was also observed
with $ mM ATP and 10 pg/mL of BDNF at 37 °C for 30 min
(Figure S2). To minimize the autoconversion of ATP to ADP
at 37 °C, the same experiment was performed at 4 °C with 24
h of incubation, as shown in Figure 3C-bottom, where the ATP
to ADP conversion was very pronounced. We also tested the
possible involvement of nanoclusters (structures inside
CMMNs) in the ATP-converting activity of TrkB receptors.
The nanoparticles themselves did not lead to detectable ATP
to ADP conversion when incubated with S mM ATP and 100
uM 7,8-DHF at 37 °C. CMMN s prepared using the TrkB-null
parental cell line were used as a negative control in the
experiment. No ATP/ADP conversion was observed for
nanoclusters encapsulated with TrkB-null cell membrane
fragments. These ATP/ADP conversion studies suggested
that the immobilized TrkB receptors remained active. We also
attempted to measure phosphorylation of tyrosine residues
using specific antibody targeting phosphorylated tyrosine.
Unfortunately, we did not observe the phosphorylation, likely
because the intracellular part of TrkB was directly interfaced
with iron oxide nanoclusters. These nanointerfaces may hinder
the access of the labeling antibody, which is more accessible in
cells.
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Figure 4. UPLC chromatogram of the elution profile from CMMNs from TrkB expressing and TrkB-null cells and QT of-MS spectrum of 7,8-DHF

identified from an artificial mixture.

Direct quantification of the exact amount of TrkB on
CMMNes is very challenging; therefore, the TrkB amount was
estimated using two different methods. First, the protein
concentrations of the cell membrane fragments from the same
amount of parental TrkB-null control cells and TrkB
overexpressing cells were quantified using a Bradford protein
assay (Table S1). The difference in protein amounts between
fragments from TrkB overexpressing cells, SH-SYSY cells, and
the parental TrkB-null cells was attributed to TrkB. After
divided by the TrkB molecular weight, the total number of
TrkB in the cell membrane fragment was obtained. With the
experimentally determined CMMN concentration in each
experiment, the number of TrkB per CMMN was roughly
estimated to be in the range of 10’—10% This experiment
assumed no cell membrane loss during the CMMN formation.
Additionally, 250 uL of CMMNs (107/mL) was incubated
with 250 uL of 7,8-DHF buffer solution (1 uM). After
quantifying the amount of 7,8-DHF in the original solution
and supernatant using the HPLC elution peak areas of 7,8-
DHEF, the difference subtracting the amounts of 7,8-DHF in
the three washes was attributed to TrkB binding (Figure S3).
Here, we assumed one-to-one TrkB and 7,8-DHF biding. The
amount of TrkB per CMMN was then estimated to be in the
range of 10°—~107 by using the amount of binding TrkB divided
by the amount of CMMN’. The lower number of TrkB based
on the fishing experiments suggested a loss of cell membrane
fragments during the CMMN formation. Though those

6248

estimations were rough, it provides some guidance on the
ligand fishing experiment.

Screening with CMMNSs. After TrkB activity confirmation,
CMMNs with TrkB receptors were applied to screen
compound mixtures with three different levels of complexity,
including mixtures with known small molecule binders,
synthetic small molecule mixtures containing 71 pure
compounds, and Gotu Kola plant extracts. In biological
systems, BDNF is the physiological agonist. However, as
discussed earlier, BDNF cannot be used as a treatment option
for neurological discorders.'” Therefore, alternative molecules
have been explored to stimulate TrkB receptors,'*'”~** such as
7,8-DHF."*'*%7*8 Thys, 7,8-DHF was used as a known binder
to create an artificial mixture for initial screening. The artificial
mixture consisted of equimolar concentrations (100 nM) of
7,8-DHF and non-binders: caffeic acid and rutin. Specifically,
CMMNs (~107) were incubated with 0.5 mL of the artificial
mixture for 20 min at 37 °C. The CMMNs were then
magnetically separated out of the mixture and washed three
times with ammonium acetate buffer (10 mM, pH 7.4, 0.5
mL). After washing, the binders on CMMNs were eluted with
0.5 mL of buffer/methanol (9:1, v/v) mixture. In both washing
and elution steps, the CMMNs were separated from the
supernatant using a magnet. The elution profiles were analyzed
by a quadrupole time-of-flight mass spectrometer (QTof-MS)
with an ultrahigh-performance liquid chromatography (UPLC)
system (Water Xevo G2xs QTof-MS with iclass UPLC). Figure
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Figure 5. (A, B) QTof-MS spectra of two sample compounds identified using CMMNs and (c) UPLC chromatogram of the elution profile.

4 shows the UPLC chromatogram and QTof-MS spectrum of
the eluted compound in negative ionization mode. The
identity of all the analyzed compounds was confirmed by
comparing retention times and m/z ratios with data obtained
for the available standards. The CMMNs were able to
selectively retain the known binder compared to the control,
7,8-DHF, which was released during the elution step close to
12.48 min confirmed by the mass spectrum. The CMMNs
prepared with the parental SH-SYSY cell line without TrkB
showed no detectable binders. These results suggested that the
immobilized TrkB receptors on CMMNs were able to fish out
binding compounds. In contrast, the nonbinders were not
detected in the elution profiles.

Subsequently, fishing experiments of CMMNs were
conducted using a library containing 71 synthetic small
molecules with equal molar concentration (1 #M). The library
was created by the in silico screening of a larger compound
library (~1600 molecules) against the flecainide (a known ion
channel blocker) binding site of the available cardiac Navl.5
CryoEM structure® using SeeSAR (BioSolveIT). To perform
the fishing experiment, CMMNs (~107) were incubated with
0.5 mL of the library mixture for 20 min at 37 °C. After
magnetic separation and three washes with ammonium acetate
buffer (10 mM, pH 7.4, 0.5 mL), the CMMN-bound
compounds were eluted with a buffer/methanol (1:9, v/v)
mixture (0.5 mL). The elution profiles were analyzed by a
Water Xevo G2xs QTof-MS with an iclass UPLC system.
Figure 5 shows the UPLC chromatogram and QTof-MS
spectra of two examples out of six total identified compounds.
The compound SD-IV-252b eluted at 8.23 min with m/z of
380.2172 while the compound SV-VI-845-8 eluted at 10.03
min with m/z of 545.3764. Even though the library was not
originally designed for TrkB, the fishing experiment clearly
demonstrated the feasibility of the new CMMN platform to
identify compounds interacting with TrkB from synthetic small
molecule libraries.

Natural products have been shown to be an invaluable
source of novel drugs.”’ For example, numerous compounds
produced by plants have been developed into widely used
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medicines, such as artemisinin and ivermectin.’' In 2015, the
Nobel Prize in Physiology or Medicine was awarded for the
discovery of artemisinin isolated from Artemisia annua, a
medicinal plant.”” The promising preclinical data of Gotu Kola
extracts have convinced the FDA to approve the use of this
extract for a clinical trial in patients with mild cognitive
impairment.”® The Gotu Kola plant extract has been shown to
contain active metabolites for a wide range of pharmaceutical
activities.”” In particular, studies have shown the benefits of
Gotu Kola in enhancing memory and neuroprotective
activities.’®>” However, the exact mechanism of action is not
fully understood. Additionally, Gotu Kola extracts were shown
to contain molecules that may potentially bind to TrkB, as they
belong to the same group of phytochemicals as 7,8-
dihydroxyflavone, a compound that was previously described
to activate TrkB receptors. The Gotu Kola extract is also the
only currently FDA-approved extract to be tested in clinical
trials for the prevention and/or treatment of AD. Therefore,
Gotu Kola plant extracts were chosen to evaluate the drug-
screening platform for the identification of TrkB binders.
The plant extracts were prepared by sonicating 200 mg of
ground plant material in methanol (100%), methanol/water
(50/50), and water for 20 min at room temperature. Following
the extraction, 1 mL of the extract was aliquoted and the
solvent was removed under a stream of nitrogen. The residue
was resuspended in 1 mL of ammonium acetate buffer (10
mM, pH 7.4) and undissolved materials were removed by
centrifugation (5000 rpm, S min). 0.5 mL of those extracts
were subsequently used in the fishing experiments. In brief,
CMMNs (~107) were incubated with 0.5 mL of Gotu Kola
plant extracts for 20 min at 37 °C. After magnetic separation
and three washes with 0.5 mL of ammonium acetate buffer, the
binders on CMMNs were eluted with buffer/methanol
mixtures (9/1-E1 §/5-E2 and 1/9-E3, v/v, 0.5 mL) and
analyzed by a Water Xevo G2xs QTof-MS with an iclass
UPLC. Most compounds were detected from elution 3 (E3) or
elution 2 (E2). 100 and 50% methanol plant extracts showed
similar compounds but with different relative amounts.
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To exclude nonspecific binding, CMMNs were also
prepared using parental TrkB-null cells as negative control
for all the fishing experiments. Compounds that bind to
CMMNs with functional TrkB but not bind to those control
CMMNs from TrkB-null cells were marked as binders. Those
binders were identified based on their elution time in
ultrahigh-performance liquid chromatography (UPLC), and
the corresponding compound masses were then obtained from
QTof-MS. Figures S4—S7 show the analysis of UPLC
chromatograms of three elutions for each plant extract
screened by CMMNs prepared with both cell lines.
Compounds that were observed in both types of CMMNs
were marked as nonspecific binders, which were not analyzed
here. The eluted compounds were analyzed in both negative
and positive ionization mode using mass spectrometry. All of
the compounds detected in the negative ion mode were
observed in positive mode, but only some compounds detected
in positive mode were shown in negative mode. Therefore,
data from positive ionization mode were used to analyze the
compound.

Figure 6 shows UPLC chromatograms and QTof-MS
spectra of the identified compounds analyzed in positive
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Figure 6. UPLC chromatograms of the elution profiles and QT of-MS
spectra of compounds identified using CMMN from Gotu Kola plant
extracts: (A) caffeoylquinic acids; (B) dicaffeoylqunic acids, pomolic
acid or isomers, castillicetin; and (C) madecassic acid or its isomers
and stigmasterol.

ionization mode. By comparing with a previous report with a
complete list of bioactive compounds in Gotu Kola,*® these
compounds can be tentatively identified as isomers of
caffeoylquinic acids (MW 354.31) from E3 of 50% methanol
extraction, which was detected at elution time 8.01 min with
m/z of 376.26 ([M—H + Na]*), as shown in Figure 6A. Other
detected masses in this elution included a detected m/z at
302.19 (possibly quercetin, MW 302.24) and a detected m/z at
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597.28 (possibly naringin with a mass 580.54), and the
detected m/z is the ion adducts of [M—H + NH,]". Figure 6B
shows the UPLC chromatogram at 11.2 min and the QT of-MS
spectrum of the E3 elution from 100% methanol extraction,
where the detected m/z 516.23 can be assigned as one of the
isomers of dicaffeoylqunic acids (MW 516.4). In this elution,
the detected m/z at 473.19 matched well with pomolic acid or
its isomers (MW 472.7) and the detected m/z at 485.19 has a
good match with castillicetin (MW 464.4). Figure 6C shows
the UPLC chromatogram at 9.92 min and the QTof-MS
spectrum of the E3 elution from 100% methanol extraction,
where the detected m/z 545.37 can be assigned to madecassic
acid or its isomers (MW 504.7), where the detected m/z is the
ion adducts with acetonitrile (ACN) in the running phase of
UPLC. The other detected m/z at 454.32 was the ACN adduct
ion of stigmasterol.

Table 1 shows all of the identified possible compounds with
their chemical structures, exact masses, and detected mass with
the adduct ion index. Some of the compounds, such as
dicaffeoylqunic acids and pomolic acid, have multiple isomers,
but only one representative chemical structure is shown in
Table 1. That detected mass was possible to be other types of
isomers as well. Therefore, our future studies will include a
comparison of different isomers, such as fishing experiments
with CMMNs and TrkB activation.

In order to verify whether TrkB binding compounds were
completely released during the elution processes, we also
examined each eluted compound by quantifying the peak areas
of the eluted compounds in UPLC chromatograms. The
difference in peak areas of a compound between a plant extract
before and after fishing was assigned to CMMN binding, which
theoretically should match the sum of areas under the peaks of
all washes and elutions for that particular compound. By
comparing the peak area difference of a compound before and
after fishing and the sum of the peak areas (washes and
elutions), the amounts of binders retained on CMMNs were
obtained. These comparisons in Figure S8 suggested that not
all binding compounds were eluted. Depending on the
compound, 30—50% of compounds were retained on
CMMNs. For example, about 30% of the naringin was
retained on CMMNs after washing and elution and the
majority of the compound was eluted in elution 2 with 50/50
buffer/methanol. Our future studies will include optimization
of elution solutions and correlate the elution with binding
affinities.

Some of those identified compounds have been previously
reported to have various neural related activities. For example,
madecassic acid was reported to promote neurite elongation in
hippocampal CAl neurons.’®*” Dicaffeoylquinic acid was
shown to alleviate memory loss in depressed mice® and
exhibited protective activity against f-amyloid toxicity.”" The
therapeutic potential of naringin was demonstrated in several
neurological disorders,”” including AD and PD. The neuro-
protective role of quercetin was also well documented.”>** To
evaluate whether the identified compounds are really activating
TrkB, we tested the effects of one of the TrkB binding
compound from Gotu Kola, 4-O-cafeoylquinic acid (4-O-
CQA) on dendritic arborization. Dendritic arborization is a
functionally relevant in vitro endpoint as it reflects potential to
modulate synaptic plasticity. TrkB has been reported to
regulate neurite outgrowth, and dendritic complexity® and
TrkB agonists have been shown to enhance dendritic
arborization.’ Our preliminary experiments showed that

https://doi.org/10.1021/acsabm.1c00552
ACS Appl. Bio Mater. 2021, 4, 6244—6255


https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00552/suppl_file/mt1c00552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00552/suppl_file/mt1c00552_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00552?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00552?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00552?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00552?fig=fig6&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

Table 1. Summary of the Identified Compounds from Gotu Kola Plant Extracts

Dicaffeoylquinic acid

O-Caffeoylquinic
Acid

Madecassic acid

Castillicetin
Quercetin
L -
Stigmasterol \1,1771;/”
LT
e
Pomolic acid ‘00 T
o
N e J
Naringin M\;LE mAIj

Possible Compounds | Example Structures M Detected Mass/Index

516.12
516.46 [M+H]*
376.26
354.31 [M+Na-H]*
545.37
504.7 [M+ACN+H]*
485.19
(L [M+Na-2H]*
302.19
302.24 M+
412.69 454.32
[M+ACN+H]*
473.19
472.7 [M+H]*
597.28
580.54 [M+H,0-H]*

treatment with 1 uM 4-O-CQA increased the amount of
dendritic complexity in isolated SXFAD hippocampal neurons
in vitro (Figure S9A). One week of treatment with the
compound significantly increased arborization in these Ap-
expressing neurons in vitro (Figure S9B).

These fishing experiments suggested two important
messages. First, the immobilized TrkB receptors on CMMNs
can be used for rapid compound screening and TrkB can serve
as a valid target. Second, the reported drug-screening platform
is useful to evaluate the cellular pathways involved in the
compound activity. As indicated by the Gotu Kola fishing
experiments, phytochemicals in Gotu Kola with reported
neuroprotective activities likely involve BDNF/TrkB pathway.
Even though the screening experiments were only performed
for one plant species, the feasibility and potential of TrkB as a
target to screen natural product mixtures has been demon-
strated, which can be easily applied to screen other natural
mixtures.

B CONCLUSIONS

In summary, functional TrkB receptors were successfully
immobilized on magnetic iron oxide nanoclusters for
compound identification. The presence of TrkB was confirmed
with confocal microscopy via antibody labeling, and their
activities on the nanocluster surfaces were verified by ATP/
ADP conversion in the presence of a known TrkB agonist.
Importantly, the immobilized TrkB receptors on CMMN
surfaces were able to not only fish out the known binders from
an artificial mixture but also identify binding compounds from
synthetic small molecule mixtures. Most importantly, the
fishing experiments with Gotu Kola plant extracts were able to
identify several compounds, which matched well with
previously reported neuroprotective compounds. These studies
demonstrated the feasibility of using CMMNs as a drug-
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screening platform and TrkB as a valid drug target. Our studies
showed that the possible therapeutic effects of the Gotu Kola
plant extract in dementia treatment, at least partially, might be
associated with compounds interacting with TrkB. The
immobilized TrkB platform can have a substantial impact on
the discovery of TrkB agonists for neurological disorders. Even
though only one transmembrane receptor is proposed, this
assay can be readily adjusted to any other transmembrane
protein targets.

B EXPERIMENTAL SECTION

Materials. The following chemicals and reagents were purchased
from VWR: ferric chloride (ACROS, 98% purity), sodium acetate
(99%), ethylene glycol, sodium polyacrylate solution (Sigma Aldrich,
45% water, MW = 1200), RPMI 1640 medium (Invitrogen), fetal
bovine serum (FBS, Thermo Scientific), penicillin/streptomycin
(Thermo Scientific), Tris—HCl, NaCl (>99%), MgCl, (>98%),
CaCl, (=99%), KCI (>99%), ammonium acetate (>99%), benzami-
dine hydrochloride (>99%), and EDTA (>98%). Phenylmethane-
sulfonylfluoride (PMSF,>98.5%), geneticin (G418), and all other
chemicals were purchased from Sigma-Aldrich unless otherwise stated
(St. Louis, MO). Silica microparticles were obtained from Regis
Technologies (Morton Grove, USA).

Cell Culture and Preparation of Cell Membrane Fragments.
SH-SYSY cells overexpressing TrkB (Kerafast, ECP007) and parental
TrkB-null cells (Kerafast, EPC004) were cultured following the
manufacturer’s protocols (RPMI 1640 media supplemented with 10%
fetal bovine serum- FBS, 1% antibiotics of Pen/Strep, and 0.3 mg/mL
G418 at 37 °C with 5% CO,). Cells were passaged every 2—3 days
after cells reached 80% confluency. Low-concentration trypsin
(0.25%) was used to detach the cells. To prepare membrane
fragments, 1 X 107 cells were collected and resuspended in 20 mL of
buffer (Tris—HCl, SO mM, pH 7.4, containing S mM EDTA, 100 mM
NaCl, 2 mM MgCl,, 3 mM CaCl,, 5 mM KCl, 3 mM benzamidine,
0.1 mM PMSF, 10% glycerol, and 1/100 protease inhibitor cocktail).
The addition of 10% glycerol in the buffer is critical for cell membrane

https://doi.org/10.1021/acsabm.1c00552
ACS Appl. Bio Mater. 2021, 4, 6244—6255


https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00552/suppl_file/mt1c00552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00552/suppl_file/mt1c00552_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00552?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00552?fig=tbl1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

stability. The suspension was homogenized using a glass Dounce
homogenizer and then centrifuged for S min at 4 °C at 400 g. The
resulting pellet was discarded, and the supernatant was subsequently
centrifuged for 10 min at 4 °C at 10,000 g. Finally, the cell membrane
fragments were collected by centrifugation (45 min at 4 °C at 100,000
g)- Cell membrane fragments were subsequently suspended in 3.0 mL
of bis—tris buffer (20 mM, pH 7.2) for CMMN preparation.

Synthesis and Characterization of Iron Oxide Nanoclusters.
The iron oxide nanoclusters (~200 nm) were synthesized using our
well-established protocols™** by heating the reactants (iron chloride,
sodium acetate, and PAA) in ethylene glycol in a sealed Teflon-lined
stainless steel hydrothermal reactor at 200 °C. In brief, FeCl; (0.8
mmol, 0.129 g) was dissolved in 30 mL of ethylene glycol followed by
the addition of PAA water solution (8 mmol, 0.52 g) and sodium
acetate (35 mmol, 2.87 g). The mixture was stirred for 3 h at room
temperature to obtain a well-dispersed clear solution before
transferring into a 100 mL hydrothermal reactor. After a 12 h
reaction at 200 °C, the iron oxide nanoclusters were collected from
the hydrothermal reactor and then washed three times with deionized
water and ethanol in a 1:4 volume ratio. After drying under vacuum,
the nanoclusters were weighed and re-dispersed in deionized water to
prepare 1 mg/mL solution for CMMN formation.

Preparation of Cell Membrane-Encapsulated Magnetic
Nanoclusters (CMMNs). CMMNs were prepared by first mixing 3
mL of cell membrane fragment solution from 107 cells with 1.0 mL of
sterilized 1.0 mg/mL PAA-coated 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 (27% amplitude, S s on,
S s off) using a Branson digital sonifier with a one-eighth inch
microtip. CMMNs with TrkB were stored at 4 °C for further
experiments.

Characterization of CMMNs. The size and morphology of the
CMMNs were examined under TEM by simply dropping the CMMN
buffer solution on a carbon-coated TEM copper grid using a Hitachi
transmission electron microscope. The overall size and size
distribution in solution was tested by dispersing 200 uL of CMMN
solution in 800 uL of buffers using a Melvern Nanosizer instrument.
To prepare samples for confocal imaging, the cell membrane
fragments were immobilized on silica microbeads and imaged using
a Nikon C2 confocal microscope.

Confocal Microscopy Analysis. The presence of TrkB receptors
on the cell membrane fragments was studied by immobilizing cell
membrane fragments onto silica microbeads followed by antibody
labeling and confocal microscopy imaging. In brief, freshly prepared
cell membrane fragments from TrkB and TrkB-null cells (1077) were
prepared and suspended in 1 mL of ammonium acetate buffer
containing 1 mg of silica beads. 100 yL of this mixture was incubated
with 400 uL of BDNF (final concentration of 100 uM) for 1 h at
room temperature. The cell membrane-coated beads were separated
out of solution by centrifugation (1 min, 10,000 g) and washed three
times with ammonium acetate buffer. The pellet was then incubated
with 1% goat serum and the anti-rabbit BDNF primary antibody
(1:50) in 250 uL of ammonium acetate buffer at 4 °C overnight with
rocking. After removing excess antibodies with centrifugation (1 min,
10,000 g), the pellet was washed three times with 0.5 mL of
ammonium acetate buffer containing 1% sodium cholate. Finally, the
pellet was incubated with 1% goat serum and the secondary antibody
with fluorophore (1:1000) overnight at 4 °C. After removing excess
secondary antibodies and washing, the pellet was resuspendeded in 50
uL of ammonium acetate buffer, and 20 uL was loaded on the slide.
The plated samples were imaged with a Nikon C2 laser scanning
camera using a GFP filter.

TrkB Activity. The TrkB activity was studied by monitoring ATP
to ADP conversion due to tyrosine phosphorylation upon TrkB
activation, a process commonly performed by functional TrkB. Briefly,
0.5 mL of CMMN solution (50 mM ammonium acetate buffer, pH
7.4) was incubated with S mM ATP and100 M TrkB activator (7—8
DHF) at 37 °C for 30 or 60 min. The negative control experiment
was performed without 100 gM TrkB activator (7—8 DHF). To
reduce autoconversion of ATP to ADP at 37 °C, the same experiment
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was also performed at 4 °C overnight. After incubation, the CMMNs
were magnetically separated, and the supernatants were analyzed by
ESI-MS. The analysis was performed using direct injection of analytes
into the mass spectrometer without prior separation on an analytical
column, hence very short elution times. Both ATP and ADP were
monitored in negative ionization mode (ATP m/z 505.8; ADP m/z
425.9).

Estimation of TrkB Amounts. The amount of TrkB on each
CMMN was estimated using two different methods. First, the protein
concentrations of the cell membrane fragments from the same
amount of parental TrkB-null control cells and TrkB overexpressing
cells were quantified using the Bradford protein assay (Table S1). The
difference in protein amounts between fragments from TrkB
overexpressing cells, SH-SYSY cells, and the parental TrkB-null cells
was attributed to TrkB. After divided by the molecular weight of
TrkB, the total number of TrkB was obtained. With the
experimentally determined CMMN concentration in each experiment,
the number of TrkB per CMMN was roughly estimated. Additionally,
250 uL of CMMNss (107/mL) was incubated with 250 uL of 7,8-DHF
buffer solution (1 M) at 37 °C for 20 min. After magnetic separation
and three washes with ammonium acetate buffer (10 mM, pH 7.4,
0.25 mL), 7,8-DHF was eluted using a mixture of ammonium acetate/
methanol (9/1, 1/1, 1/9 v/v; 0.25 mL). The elution profiles were
analyzed by an HPLC-MS system. After quantifying the amount of
7,8-DHF in the original solution and supernatant using the HPLC
elution peak areas of 7,8-DHF, the difference subtracting 7,8-DHF in
washing buffers was attributed to TrkB binding and the amount of
TrkB per CMMN was then estimated.

Fishing Experiments. The fishing experiments were performed
using three screening sources: an artificial mixture containing an equal
molar amount (100 nM) of known TrkB binder (7—8 DHF) and
nonbinders (caffeic acid and rutin), a library of 71 synthetic molecules
(1 uM of each compound), and Gotu Kola plant extract. For each
fishing experiment, CMMNs (~107) were incubated with 0.5 mL of
an artificial mixture, synthetic library, or plant extracts for 20 min at
37 °C. After magnetic separation and three washes with ammonium
acetate buffer (10 mM, pH 7.4, 0.5 mL), the binders on CMMNs
were eluted with a mixture of buffer/methanol (1/9, 5/5 or 1/9 v/v,
0.5 mL). The elution profiles were analyzed by a Water Xevo G2xs
QTof-MS with an iclass UPLC system. In order to verify whether the
TrkB binding compounds were completely released during the elution
processes, we also quantified the eluted compounds by comparing the
difference in peak areas (due to binding) of plant extracts before and
after fishing and the sum of peak areas of all washes and elutions for a
particular compound. The comparisons suggested that not all binding
compounds were eluted. Depending on the compounds, 30—50% of
the compounds were retained on CMMNSs. Our future studies will
include seeking more effective elution solutions and correlate the
elution with binding affinities. The comparison for each compound is
shown in Figures S4—S7.

Dendritic Arborization in Isolated Ap-Overexpressing
Hippocampal Neurons. Primary neurons were generated from
the SXFAD mouse model of f-amyloid (Af) accumulation. These
mice came from a founder breeding pair from The Jackson Laboratory
(cat# 006554). The background strain for these mice and the strain of
the non-transgenic wild-type littermates is B6SJLF1/]. Embryos from
these mice were harvested to generate primary neurons. Hippocampal
neurons were isolated as described in Kaech and Banker.®” Briefly
embryos were harvested at embryonic day 18. Hippocampi were
subdissected from embryos, gently minced, and trypsinized to
generate suspensions of dispersed neurons. These neurons were
plated on poly-L-lysine-coated glass coverslips at a density of 130,000
cells per 60 mm dish containing 4 coverslips in MEM medium (Life
Technologies), 5% FBS (Atlanta Biologicals), and 0.6% glucose
(Sigma-Aldrich). After 4 h, coverslips were flipped cell side down into
60 mm dishes containing neural stem cell-derived glial cells and
maintained in Neurobasal Medium supplemented with 1X GlutaMAX
(Life Technologies) and 1x B-27Plus (Life Technologies). Dishes
were fed every week by removing 1 mL of the culture medium and
adding 1 mL of fresh Neurobasal Media containing GlutaMAX and B-
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27 Plus, with the first feed (at S days in vitro) containing 6 yuM
cytosine f-p-arabinofuranoside hydrochloride (AraC; Sigma-Aldrich).
At 12 days in vitro, the cell culture feeding contained either 4-0-CQA
(1 uM) or DMSO. At 19 days, coverslips were fixed in 4%
paraformaldehyde, rinsed in PBST, and stained with anti-MAP2B
(Sigma-Aldrich #M4403; 3.3 ug/mL) and goat anti-mouse IgG1-Cy3
(Jackson ImmunoResearch #115—165-205; 1.5 ug/mL). Stained
neurons were imaged using a Zeiss ApoTome2 microscope, blinded,
and analyzed for morphology via the Sholl method by using Fiji
software.”® We measured 30 non-overlapping, easily isolatable
neurons per coverslip, and four coverslips per condition.
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