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The lack of suitable tools for the identification of potential drug leads from complex matrices is a bottleneck in drug

discovery. Here, we report a novel method to screen complex matrices for new drug leads targeting transmembrane

receptors. Using asB,4 nicotinic receptors as a model system, we successfully demonstrated the ability of this new tool for

the specific identification and effective extraction of binding compounds from complex mixtures. The formation of cell-

membrane coated nanoparticles was confirmed by transmission electron microscopy. In particular, we have developed a

direct tool to evaluate the presence of functional asp, nicotinic receptors on the cell membrane. The specific ligand binding

to asP, nicotinic receptors was examined through ligand fishing experiments and confirmed by high-performance liquid

chromatography coupled with diode-array detection and electrospray ionization mass spectrometry. This tool has a great

potential to transform drug discovery process focusing on identification of compounds targeting transmembrane proteins,

as more than 50% of all modern pharmaceuticals use membrane proteins as prime targets.

1. Introduction

Natural products are rich in bioactive compounds and are
considered as a great source of new drug leads.}?
Approximately 70% of currently Food and Drug Administration
(FDA) approved drugs were first identified in natural products.?
Unfortunately, identification of pharmacologically active
compounds from complex samples is very challenging, time
consuming, and costly.* The lack of suitable tools for the
identification of potential drug leads from complex matrices is
a bottleneck in drug discovery.4 Even though more than 50%
of all modern pharmaceuticals use membrane proteins as prime
targets, no effective technology is available so far to enable
direct identification of compounds specifically binding to
transmembrane proteins with satisfactory outcomes.*
Traditional cell-based assays are not suitable to screen complex
mixtures, because they require isolation of individual
compounds.* > High throughput screening techniques used in
the majority of modern drug discovery mainly focus on
synthetic compound libraries and are not compatible with
fishing bioactive compounds from natural resources.2 There is a
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growing need for innovative tools that can identify potential
drug leads in complex mixtures. An ideal approach should
preserve natural interactions between transmembrane protein
targets and boundary lipids for maintaining the function of
transmembrane receptors.® In addition it should allow for
differentiation between specific binding to the targeted
transmembrane protein and any type of nonspecific binding.*

It has been previously shown that more targeted, self-designed
bioassays accelerate the identification of drug candidates in
complex matrices.#>711 For example, cellular membrane
affinity chromatography (CMAC) columns have been shown as
a valuable tool in drug discovery.#>1012-15 |mmobilization of
membrane fragments on
membrane particles has proven to preserve physiological
activity of numerous transmembrane proteins.* Unfortunately,
the preparation of the packed column is lengthy, requires large
number of cells, and has limited potential for high throughput
screening. Magnetic beads with conjugated protein targets
have been explored to screen complex matrices for possible
new drug leads, however, the conjugated protein targets have
been only limited to cytosolic proteins.#811 |n addition,
magnetic bead-based techniques suffer from significant
amount of nonspecific binding due to chemical groups on the
bead surfaces. In this paper, we report encapsulation of iron
oxide nanoparticles inside vesicles formed by cell membrane
fragments with functional transmembrane proteins. The cell
membrane fragments help to maintain the function of
transmembrane receptors while the full encapsulation of the

cellular immobilized artificial
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magnetic nanoparticles prevent the direct interactions between
nanoparticles and screening samples, thus minimizing non-
specific interactions. The development of this technique is
directly benefited from previous studies of using cell
membranes encapsulating polymeric nanoparticles for targeted
drug delivery and tumour targeting.16-33

While working on this manuscript, a similar concept was
published regarding the development of cell membrane
camouflaged magnetic nanoparticles to identify secondary
plant metabolites targeting epidermal growth factor
receptors.3* Unfortunately, being a concept paper, many key
aspects of this technique relevant to drug discovery were not
reported, including the confirmation of the presence of
transmembrane receptors and evaluation of the binding
specificity. Here, using aszB; nicotinic receptors as a model
system, we report the specific identification and effective
extraction of binding compounds from complex mixtures using
cell membrane coated iron oxide nanoparticles (CMNPs). The
formation of CMNPs was confirmed by transmission electron
microscopy (TEM). Additionally, the presence of functional asf4
nicotinic receptors on the cell membrane surfaces was verified
by nicotine functionalized nanoparticles. This nanoprobes
offers a direct tool to evaluate the presence and binding activity
of functional azB4 nicotinic receptors. These CMNPs were able
to specifically fish out binding ligands from artificial and natural
mixtures. The binding compounds were identified by high-
performance liquid chromatography coupled with diode-array
detection and electrospray ionization mass spectrometry
(HPLC-DAD-ESI-MS). This tool has a great potential to transform
drug discovery process focusing on identification of compounds
targeting transmembrane proteins, as more than 50% of all
modern pharmaceuticals use membrane proteins as prime
targets.

2. Experimental
2.1. Materials

All of the chemical reagents were purchased and used
without further purification: chloroform (Sigma-Aldrich, 99%),
acetone (BDH, 99.5%), hexane (BDH, 100%), ethanol (BDH,
100%), methanol (Alfa Aeser, 100%), citric acid (CA, Acros,
99.5%), Dulbecco’s modified eagle medium (DMEM, ATCC),
fetal bovine serum (FBS, Thermo Scientific),
penicillin/streptomycin (Thermo Scientific) Tris-HCI, NaCl (>99
%), MgCl, (= 98%), CaCl, (= 99%), KCl (>99 %), ammonium
acetate (>99 %), benzamidine hydrochloride (>99 %), EDTA (>
98%), protease inhibitor cocktail were obtained from VWR.
Phenylmethanesulfonyl fluoride (PMSF, > 98.5%), geneticin
(G418), nicotine (> 99%) and all other chemicals were purchased
from Sigma-Aldrich unless otherwise stated (St. Louis, MO).

2.2. Cell line and cell membrane preparation.

The HEK293 cell line stably overexpressing the human asf4
nicotinic receptors was obtained from Georgetown University.
D-MEM media with 10% Fetal Bovine Serum, 1%
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Penicillin/Streptomycin and 0.7mg/ml of geneticin (G418) were
used to maintain the asB, cells. Cell membranes from the non-
transfected HEK-293 cell lines and the transfected a4 cell lines
were prepared and immobilized following a previously
described protocol.> ¢ Briefly, 1 x 107 cells were obtained and
suspended in 20 mL of Tris-HCI (50 mM, pH 7.4) containing 5
mM EDTA, 100 mM NacCl, 2 mM MgCl,, 3 mM CaCl,, 5 mM KCl,
3 mM benzamidine, 0.1 mM PMSF and 1/100 protease inhibitor
cocktail. The suspension was then homogenized using glass
Dounce homogenizer, then centrifuged for 5 minutes at 4 eC at
400 x g. The resulting pellet was discarded, and the supernatant
was subsequently centrifuged for 30 minutes at 4 2C at 100,000
x g. The resulting pellet of cell membrane fragments was used
for the preparation of CMNPs.

iron oxide

2.3. Synthesis and functionalization of

nanoparticles

About 15 nm spherical iron oxide nanoparticles were
synthesized using a well-defined thermal decomposition
method.3>! The as-synthesized iron oxide nanoparticles were
then functionalized with citric acid (CA) following our well-
established ligand exchange method. Specifically, citric acid (40
mg, 0.21 mM) dissolved in 0.5 mL of DI water was mixed with 5
mL of nanoparticle chloroform stock solution (1 mg/mL) in 10
mL of methanol and acetone (v/v = 1:1). The reaction mixture
was mixed overnight at 45 °C to facilitate the ligand exchange.
The CA—functionalized nanoparticles were then collected via
centrifugation (15 min, 15,000 rpm) and redispersed in ethanol
(5 mL) for a nanoparticle concentration of 1 mg/mL. An equal
volume of water was then added, and the solutions were
heated up to evaporate the ethanol. The nanoparticles were
finally collected via centrifugation and redispersed in water (5
mL).

2.4. Nicotine conjugation and HPLC-MS analysis of nicotine

CA coated NPs were conjugated with nicotine through
noncovalent interactions (hydrogen or ionic interactions). For
nicotine conjugation, CA-NPs (0.5 mL, pH 7) were simply mixed
with 0.5 mg of nicotine overnight at room temperature. To
verify the presence of nicotine on the nanoparticle surfaces,
freshly conjugated nanoparticles were collected via
centrifugation (15,000 rpm, 10 min) and washed 3 times with
ammonium acetate buffer (50 mM, pH 7.4) to remove free
nicotine. Each wash, the supernatant was collected for analysis.
The nicotine labelled nanoparticles were stored in bistris buffer
for 5 days prior to their use. The storing buffer was analysed for
the presence of nicotine. To elute the nicotine from the
nanoparticle surfaces, the final nanoparticle solution was
heated in the storing buffer at 60 2C for 15 minutes. In another
set of experiments the nicotine labelled NPs were redispersed
in phosphate buffer and heated to 60 °C for 15 minutes. The
particles were removed using magnet, and the final supernatant
was collected and analysed. All the supernatants were analysed
for the presence of nicotine using HPLC-MS.
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All the supernatants were analysed using a C18 column (Pursuit
C18 250x 4.6 mm, 3 um) running on an Agilent 1260 Infinity I
LC-DAD-MS system using an MSD quadrupole mass
spectrometer and an API-ES source. Gradient elution was
performed using mobile phases composed of (A) aqueous
formic acid [0.01%, v/v] and (B) acetonitrile modified with
formic acid [0.01%, v/v] using the following gradient: 2% B from
0 to 5 min; 2% B to 40 %B from 5 to 20 min; 40% B from 20 to
25 min; 40% B to 60% B from 25 to 30 min; 60% B to 98 % B from
30 to 40 min; 98 % B from 40 to 43 min; 98 % B to 2% B from 43
to 45 min; 2 % B from 45 to 50 min. The mobile phases were
delivered at 1 ml/min at room temperature. Detection was
accomplished using single ion monitoring in positive ionization
mode (m/z 163) with the following settings: drying gas flow at
12 I/min and 350 9C, nebulizer pressure at 35 psig, capillary
voltage at 4500 V, fragmentor at 50, gain at 2 and peak width at
0.10s.

2.5. Formation of CMNPs

CMNPs were formed using cell membranes fragments prepared
from non-transfected HEK-293 cell lines and the transfected
asf4 cell lines. The nanoparticles were sterilized in preparation
of CMNP formation in 70% ethanol for 15 minutes. The particles
were then collected via centrifugation (15 min, 15,000 rpm) and
redispersed in sterilized 20 mM bistris (1 mg/mL). To prepare
CMNPs, the cell membrane pellet was redispersed in 0.75 mL of
autoclaved, 10 mM bistris buffer, and then mixed with 0.25 mL
of CA-nanoparticles. The well mixed cell membrane fragments
and nanoparticles were incubated on ice for 30 minutes
followed by tip sonicating (27% amplitude, 5s on, 5s off). The
CMNPs were characterized by transmission electron
microscopy (TEM) and dynamic lights scattering (DLS).

The newly synthesized CMNPs containing immobilized nicotinic
receptors were then subjected to ligand fishing experiments to
prove that the functional transmembrane receptors were
immobilized. The CMNPs were submerged in a storing buffer
until use in the ligand fishing experiment.

2.6. Ligand fishing experiments and HPLC-DAD-MS analysis

A 500 pL equimolar (100 nM) artificial mixture of known

nicotinic receptor ligand binders and non-binders was created
by mixing 465 pL of ammonium acetate buffer (pH 7.4, 50 mM)
and 5 pL each of cytisine, berberine, butyrylcholine, anabasine,
caffeic acid, nicotine, and warfarin (10 uM each) solutions.
For fishing experiments, CMNPs were separated out of storing
buffer with a magnet and the supernatant was discarded. Then,
500 pL of artificial mixture was mixed with the isolated CMNPs
through vortexing and incubated on the rocking rack for 10
minutes to facilitate ligand binding. Then, the CMNPs with
bound compounds were isolated from the mixtures with
magnets followed by three washes with 500 pL of ammonium
acetate buffer each wash.

This journal is © The Royal Society of Chemistry 20xx
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After the washes, the bound compounds were eluted three
times with 500 pL of elution buffer: first elution, a 9:1 (v/v)
solution of ammonium acetate buffer:methanol, second
elution, a 9:1 (v/v) solution of ammonium acetate
buffer:methanol, and third elution, a 1:9 (v/v) solution of
ammonium acetate buffer:methanol. The supernatant of each
wash and elution was analysed afterwards using HPLC-ESI-MS
technique described in the “Nicotine conjugation and HPLC-MS
analysis of nicotine” section of this manuscript.

2.7. Fishing experiments using natural mixture (cigarette
smoke condensate)

1 mL of tobacco smoke condensate in acetone was

evaporated to dryness under stream of nitrogen. The residue
was re-suspended in 1 mL ammonium acetate buffer (pH 7.4, 50
mM) and centrifuged to remove insoluble compounds.
To avoid overloading CMNPs with nicotine an attempt was
made to obtain cigarette smoke fraction without nicotine. To
this end, 10 pl of cigarette smoke condensate in ammonium
acetate buffer was injected 20 consecutive times onto the C18
(Pursuit C18 250 x 4.6 mm, 3 um) column and a fraction eluting
between 6 and 50 minutes was collected and used in fishing
experiments. Cigarette smoke condensate in ammonium
acetate buffer was fractionated using HPLC gradient described
in “Nicotine conjugation and HPLC-MS analysis of nicotine”
section of this manuscript. 6-50 min fractions were combined,
evaporated to dryness and re-suspended in 500 pL of
ammonium acetate buffer.

For fishing experiments, the procedure described in Ligand
fishing experiments and HPLC-DAD-MS analysis was used
replacing 500 pL of artificial mixture with 500 pL of natural
mixture (cigarette smoke condensate).

3. Results and Discussion

The preparation of CMNPs involves several steps (Fig. 1),
including (1) preparation of cell membrane fragments with
functional transmembrane receptors, which are critical for
specific compound binding; (2) synthesis and functionalization
of magnetic iron oxide nanoparticles; nanoparticle surface
chemistry is important for the formation and stability of CMNPs;
(3) preparation of CMNPs; this step must ensure full
encapsulation of iron oxide nanoparticles to minimize non-
specific binding.

Here, CMNPs were prepared using cell membrane
fragments from HEK293 cell line stably overexpressing o;f34
nicotinic receptors. Nicotinic receptors were chosen because
they are targets for the development of new drugs for the
treatment of numerous diseases, such as nicotine addiction,
depression, Alzheimer’s disease or chronic pain.> Most
importantly, Dr. Ciesla has extensive experience in developing
and using CMACs with this particular type of receptors.* > The
comparison between the ligand fishing results of these two
techniques provides solid validation of this CMNP method.

Nanoscale, 2019, 00, 1-3 | 3
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Cell membrane fragments with functional a3B4 nicotinic
receptors were prepared using the previously established
protocols.*> Briefly, 1 x 107 cells were suspended in Tris-HCI
buffer (pH 7.4, 50 mM) supplemented with salts and protease
inhibitors. The suspension was then homogenized using Dounce
glass homogenizer. The mixture was first centrifuged at low
speed to remove cell debris and organelles.

Iron oxide
nanoparticles

&% g

Fig. 1. Overview of CMNP formation: (1) cells expressing
targeted proteins, (2) iron oxide nanoparticles, (3) cell
membrane fragments obtained after cell lysis, and (4) formation
of cell membrane coated nanoparticles.

The remaining supernatant was centrifuged at high speed
and the resulting pellet of cell membranes was used to prepare
the CMNPs. The synthesis and surface functionalization of iron
oxide nanoparticles are well-established in Dr.
laboratory.35-374243  Here, synthesized
nanoparticles around 15 nm using the modified heat-up

Bao’s
we iron oxide
method.3> 43 Around this size, the nanoparticles are large
enough for quick magnetic response and small enough to avoid
aggregation due to magnetic

coatings of the nanoparticles directly interface with the inner

interactions.*?2 The surface

parts of the cell membrane fragments, and directly influence
the cell membrane coverage. Previous studies on red blood cell
membrane coated polymeric nanoparticles suggested that
negatively charged surfaces facilitated the cell membrane
coverage and positively charged surfaces formed aggregation of
cell membrane fragments and nanoparticles.** 4> Therefore,
citric acid (carboxylic groups) was selected as surface coatings
for iron oxide nanoparticles, which provide negatively charged
surfaces for nanoparticles. Subsequently, these cell membrane
fragments and citric acid functionalized nanoparticles were
used to prepare CMNPs by an ultrasonication method. In brief,
the well-mixed cell membrane fragments and nanoparticles
were incubated on ice for 30 minutes followed by
ultrasonication (27% amplitude) for 1 minute and 20 seconds (5
s pulse on, 5 s pulse off).

Fig. 2 shows the typical TEM images from CMNPs prepared
using the ultrasonication method. Cell membranes and iron
oxide nanoparticles have large differences in electron densities
and show as different contrasts in TEM images. The membrane
shells are light grey circles or barely seen while the iron oxide

This journal is © The Royal Society of Chemistry 20xx
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nanoparticles are much darker (Fig. 2). Depending on the
number of nanoparticles encapsulated inside, some of the
CMNPs can be either not spherical or very small sized (Fig. 2a),
and higher nanoparticle loading led to the formation of three-
dimensional structures (Fig. 2b). For lower nanoparticle loading,
the uncontrolled shapes of the CMNPs led to a broad size
distribution, as indicated by the DLS plot (Fig. 2c). In contrast,
the CMNPs at higher nanoparticle loadings were roughly
spherical and exhibited a narrower size distribution (Fig. 2d).
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Fig. 2. Typical TEM images of CMNPs: (a) lower nanoparticle

loading, and (b) higher nanoparticle loading, (c) DLS plot of

lower nanoparticle loading, and (d) DLS plot of higher

nanoparticle loading.

The ratio of the cell membrane fragments to iron oxide
nanoparticles was estimated by CMrI\%AF;NonIume divided by
individual nanoparticle volume (Ratio = E ). Here, the amount
of cell membranes was estimated using the HEK 293 cell size
(roughly 12 um in diameter with top and bottom two major
surfaces for adhesive cells), cell number (~107), and
nanoparticle size (~15 nm). The nanoparticles amount must be
smaller than this calculated value to ensure full coverage of the
cell membranes. The number of the CMNPs was predicted
based on the amount of cell membrane fragments and
nanoparticle size. The total cell membrane surface area (A) of
107 number cells was calculated using the following equation: A
=107 x 27R? (R = 6 um). The TEM image suggested the average
size of the CMINPs was around 200 nm in diameter, t?oe,xrzci)&gh
number of the CMNPs was estimated by NCMNP=? ,
where r = 100 nm. The number of CMNPs was about 10°-10%°
depending on the membrane recovery. This estimated number
of CMNPs in each preparation was used to set up the ligand
fishing experiments.

Nanoscale, 2019, 00, 1-3 | 4
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The presence of functional transmembrane receptors is
critical for successful identification of binding compounds
during drug screening process. Here, we have developed a novel
approach to directly confirm the presence of nicotinic receptors
on the CMNP surfaces. Traditionally, the presence of
transmembrane receptors is confirmed using
immunofluorescent staining and microscopy techniques.*®
While this approach proves the presence of targeted protein, it
does not directly confirm functionality of the protein and its
ability to specifically bind ligands. To prove the presence of
functional o334 nicotinic receptors, we have designed nicotine-
functionalized nanoparticles (ligand nanoprobes). The specific
interactions between nicotine receptors and nicotine molecules
on iron oxide nanoparticles were examined by monitoring the
attachment of nicotine-functionalized nanoparticles on the
surface of cell membrane vesicles without nanoparticles (empty
CMNPs) after incubation. Fig. 3a shows a TEM image of a vesicle
prepared from HEK293 cell membrane fragments expressing
3P4 nicotinic receptors (empty CMNPs without encapsulated
iron oxide nanoparticles). Without nanoparticles inside, the cell
membrane shell is clearly visible. Nicotine-functionalized
nanoparticles are seen as black dots, indicating the interactions
between nicotinic receptors and nicotine functionalized
nanoparticles. We observed no interaction for membrane
vesicles prepared with parental cell line not expressing asp4
nicotinic receptors. We also did not notice interactions between
membrane vesicles with nicotinic receptors and nanoparticles
without nicotine functionalization.

b T

- blank

- Bistris at 25 °C

- Bistris at 60 °C

- Phosphate at 60 °C

2 4 6 8
Elution time (min)

Fig. 3.
labelled with nicotine functionalized nanoparticles, (b) HPLC-
ESI-MS chromatograms (positive ionization mode; m/z 163) of
functionalized nanoparticles bistris (storing buffer) at 25 oC for
5 days and at 60 oC for 15 min and in phosphate buffer at 60 2C
for 15 min.

(a) TEM image of an empty cell membrane vesicle

The nicotine functionalization on nanoparticle surfaces was
achieved through non-covalent interactions (H-bonds and ionic
interactions) between citric acid surface coatings and nicotine
molecules. The presence of nicotine molecules was confirmed
by studying nicotine release from the nanoprobes using HPLC-
ESI-MS. Hydrogen or ionic interactions between nanoparticle
surface coatings and nicotine were sufficient to form stable
nicotine-functionalized nanoprobes. HPLC-ESI-MS analysis of
washing and storing buffers for 5 days showed no detectable

This journal is © The Royal Society of Chemistry 20xx
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amount of nicotine (Fig. 3b). Incubation of nicotine-labelled
citric acid functionalized nanoparticles at 60 °C in storing bistris
buffer or phosphate buffer resulted in the release of nicotine
molecules after 15 minutes incubation (Fig. 3b).

Neuronal nicotinic acetylcholine receptors (nAChRs) are
transmembrane ligand gated ion channels composed of five
transmembrane subunits oriented around a central pore. Two
families of neuronal transmembrane subunits have been
identified, the a subunit family and the B subunit family and
these subunits combine to form heteromeric and homomeric
nAChRs. Numerous natural alkaloids have been identified as
binding and activating nAChRs, for example: nicotine, anabasine
or cytisine. Nicotine, and other orthosteric ligands specifically
bind in a pocket formed at the interface between the a subunit
and the adjacent subunit. The performed experiments showed
that nicotine labelled nanoparticles interacted only with empty
cell membrane vesicles with nicotinic receptors. This confirms
that immobilization results in obtaining functional receptors
specifically interacting with its known ligand.

The chracterized CMNPs with functional o3B4 nicotinic
receptors were subsequently used for ligand fishing
experiments. 10°~10'° CMNPs were mixed with 0.5 mL of
artificial mixture containing known binders and nonbinders,
followed by incubation at 25 2C for 10 minutes. Then, the
CMNPs with bound compounds were isolated from the mixture
by a magnet. The separated CMNPs were washed twice with
ammonium acetate buffer to ensure removal of compounds
with low or no affinity to the nicotinic receptors. The receptor-
bound compounds were released during the elution process.
The elution process of artificial mixture compounds was
monitored using HPLC-DAD-ESI-MS (Fig. 4).

The artificial mixture was created with equimolar
concentrations (100 nM) of known nicotinic receptor binders:
nicotine (#1), anabasine (#2), cytisine (#3) and non-binders:
butyrylcholine iodide (#4), berberine (#5), warfarin (#6) and
caffeic acid (#7). The artificial mixture was carefully designed to
test the ability of CMNPs to selectively “fish out” known binders
(protonated alkaloids) from the mixture. Most known binders
are compounds with cationic centre, structurally similar to
acetylcholine, a compound physiologically binding to nicotinic
receptors in human body#’ The design of this artificial mixture
containing nonbinders with structural elements similar to
binders was critical to test selective binding to CMNP surface
receptors. Caffeic acid and warfarin were included in the
artificial because polyphenolic compounds are
commonly present in natural mixtures and known to
nonspecifically interact with numerous protein targets.

mixture,

Nanoscale, 2019, 00, 1-3 | 5
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Elution 3

Elution 2

Elution 1

Wash 2
[

Wash 1 6
L—I__

12,3 4
! Loading mixture
L A I L A

5 10 15 20 25 30 35
Elution time (min)

Fig. 4. HPLC-ESI-MS chromatograms (positive ionization mode)
of fishing experiments using CMNPs with o334 receptors and
artificial mixture: washing and elution profiles showing the
binding patterns of binders and non-binders. Compounds
corresponding with peak numbers are indicated in the text.

Fig. 4 shows the HPLC chromatograms of the screening
process. The chromatogram of the loading mixture presents
peaks of all the artificial compounds ionizing in the positive
mode: nicotine (#1; m/z 163.1; tz 5.53 min.), cytisine (#2; m/z
191.1; tg 7.91 min.), anabasine (#3, m/z 163.1, tz 8.14 min),
butyrylcholine (#4, m/z 174.1, tg 12.43 min), berberine (#5, m/z
337.1; tg 22.90 min), warfarin (#6, m/z 309.1, tz 33.08 min).
Caffeic acid (#7, m/z 179.1, tz 16.43) was clearly visible in
negative ionization mode (Fig. S1). The peaks of known binders
(#1, 2, and 3) were observed in the chromatogram of the first
wash but not in the wash 2. The presence of artificial mixture
compounds in wash 1 chromatogram was expected, as some
remaining traces of loading mixture may still have been present
in the analysis tube. The peaks of binders are clearly seen in the
elution chromatograms, after the addition of organic modifier.
The peak of anabasine and cytysine (# 2 and #3) are higher
compared to nicotine peak (#1), which may suggest stronger
binding of the latter compounds to the tested nicotinic
receptors. The selectivity of the reported drug discovery
approach was strongly supported by the absence of
butyrylcholine (#4) peak, a compound structurally most similar
to a natural ligand acetylcholine indicating the complete
removal of nonbinders during washing steps. Two peaks (tg ~ 15
min and 24 min) also clearly seen in all the chromatograms were
the noise peaks. Concentration of the ligands released into the
washing and elution buffers is relatively low therefore
background noise peaks observed in the wash and elution
chromatograms seem to be higher compared to noise peaks
observed in loading mixture chromatogram (Fig. 4). The
background peaks were easily ruled out by running blank
samples (buffers) and the peaks did not interfere with the
analysis.

The CMNPs were able to selectively retain the known

binders (nicotine, anabasine, and cytisine), which were all
released during the elution steps (#1, 2, and 3). The absence of

This journal is © The Royal Society of Chemistry 20xx

0 5 10 15 20 25

the known non-binders (butyrylcholine, berberine, caffeic acid,
and warfarin) in the elution chromatograms suggested their
removal during the washing steps. The performed fishing
experiments proved the developed nicotinic receptor CMNPs
selectively bind known binders without observed binding of
different chemical classes of nonbinders.

After proving o334 CMNPs can distinguish between known
binders and nonbinders in artificial mixture, we further
demonstrated the capability of the CMNPs in screening natural
mixture for binding compounds. Here, tobacco smoke
condensates were used as a model system for the identification
of potential a;p4 binding ligands. Cigarette smoke condensates
contain high concentration of nicotine which is a known
nicotinic receptor ligand. To avoid the overloading of CMNPs
with nicotine, we tested smoke cigarette fraction after nicotine
removal. The chromatogram of the loading mixture in Fig. 5
shows numerous compounds detected in positive ionization
mode. Series of washes with ammonium acetate buffer resulted
in the release of compounds with low or no affinity to nicotinic
receptors. Subsequent elution steps led to the release of
compounds characterized with higher affinity to the CMNP
surface receptors. Interestingly, elution 3 chromatogram shows
a dominating overloaded peak of nicotine (#1; m/z 163.1; tg
5.53 min). Traces of nicotine were still present in the loading
mixture although the attempt was made to remove this known
binder prior to the fishing experiments. The fishing led to
nicotine enrichment on the surface of CMNPs and the release
of nicotine molecules during elution 3 step is clearly seen in the
presented chromatogram (Fig. 5 a). Apart from the nicotine
peak, peaks of other compounds were also observed in the
elution 3 chromatogram.

-- CMNPs with nicotine receptors
-- CMNPs negative control

Elution 3
—{kl Elution 2 e LAA
| Elution 1 X l. .
Wash2 ] .JA
IWash 1 .J\I_.‘ .l |
Loading mixture
0

300 5 10 15 20 25 30

Elution time (min) Elution time (min)

Fig. 5. HPLC chromatograms of fishing experiments using
CMNPs with o34 receptors and smoke condensates: (a)
washing and elution profiles showing the binding patterns of
possible ligands, (b) comparison of elution profiles of CMNPs
with and without o334 receptors.

To rule out binding to targets other than nicotinic receptors

fishing experiments were also performed using CMNPs
prepared with HEK293 parental cell line not expressing o34

Nanoscale, 2019, 00, 1-3 | 6
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nicotinic receptors as negative control-CMNP(-). Fig. 5b
presents elution 3 chromatograms obtained after screening
tobacco smoke condensate loading mixture against CMNPs and
CMNP (-). Numerous peaks, including the overloaded nicotine
peak were present in CMNPs chromatogram but were not
observed in CMNP (-) chromatogram. The performed
experiments showed that the asB; CMNPs were releasing
specifically binding compounds after series of buffer washes
and elution steps (Fig. 5a). The very same compounds were not
binding to CMNPs without nicotinic receptors (Fig. 5 b), proving
the specific nature of the observed interactions. We are
currently in the process of isolating compounds specifically
binding to ;3P4 nicotinic receptors and the results will be
presented in a separate manuscript. The results obtained with
CMNPs were also compared to fishing experiments using
previously optimized method CMAC, which provided further
validation of the newly developed technique. Data obtained
with CMINPs were in agreement with data previously observed
using CMAC technique.®

It is worth noting that the reported drug discovery approach
focuses on the direct identification of drug leads from natural
mixture at the beginning of drug discovery pipeline. Further
tests must be performed to verify the pharmacological activities
of the binding compounds with other techniques, such as cell-
based assays. The direct identification of binding compounds
offers an ideal tool to build libraries of natural compounds
targeting specific receptors. This is not possible using traditional
approach relying on isolation of pure compounds from the
analysed mixture, which usually results in studying only most
abundant and stable compounds.

4. Conclusions

In summary, we have developed a novel drug discovery assay
using o34 nicotinic receptors as a model system. We further
demonstrated the binding specificity of the CMNPs using both
artificial and natural mixtures. These CMNPs were able to
selectively fish out binding compounds, such as nicotine, from
complex matrices. The proposed assay is fundamentally
different from traditional assays in drug discovery, which
require pre-defined compound libraries. Therefore, this assay
will have a substantial impact on the discovery of new drug
leads targeting transmembrane receptors. Even though, the
development of CMNPs with nicotinic receptors is discussed in
this paper, the assay can be readily adjusted to any other
transmembrane protein targets. The applicability of the
developed CMNP assay for a variety of transmembrane protein
targets will potentially advance multiple drug discovery
processes focusing on different transmembrane drug targets.
Future studies with this innovative approach will focus on the
further optimization of CMNP synthesis and application of this
technology for other types of transmembrane receptors.

This journal is © The Royal Society of Chemistry 20xx
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