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Abstract

A major predictor of the efficacy of natural or synthetic cannabinoids is their binding affinity to the cannabinoid
type I receptor (CB,) in the central nervous system, as the main psychological effects of cannabinoids are achieved
via binding to this receptor. Conventionally, receptor binding assays have been performed using isotopes, which
are inconvenient owing to the effects of radioactivity. In the present study, the binding affinities of five cannabi-
noids for purified CB, were measured using a surface plasmon resonance (SPR) technique as a putative non-isoto-
pic receptor binding assay. Results were compared with those of a radio-isotope-labeled receptor binding assay.
The representative natural cannabinoid A’-tetrahydrocannabinol and four synthetic cannabinoids, JWH-015, JWH-
210, RCS-4, and JWH-250, were assessed using both the SPR biosensor assay and the conventional isotopic
receptor binding assay. The binding affinities of the test substances to CB, were determined to be (from highest to
lowest) 9.52 x 10"° M (JWH-210), 6.54 x 107> M (JWH-250), 1.56 x 10™"' M (A’-tetrahydrocannabinol), 2.75 x
107" M (RCS-4), and 6.80 x10™"' M (JWH-015) using the non-isotopic method. Using the conventional isotopic
receptor binding assay, the same order of affinities was observed. In conclusion, our results support the use of
kinetic analysis via SPR in place of the isotopic receptor binding assay. To replace the receptor binding affinity
assay with SPR techniques in routine assays, further studies for method validation will be needed in the future.
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INTRODUCTION

Synthetic cannabinoids are commonly used worldwide
because they induce a euphoric effect similar to that of A’-
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tetrahydrocannabinol (A’-THC), the psychoactive constit-
uent of Cannabis sativa (1-3). Effects of synthetic canna-
binoids on the central nervous system include euphoria,
talkativeness, and altered visual and acoustical perception
(4). There are two main reasons for the synthesis of syn-
thetic cannabinoids: one is their potential for therapeutic
use, such as in oncology (5) and emotion/behavior modu-
lation (6); the other stems from their psychotropic effects
for recreation (7). However, noticeable adverse effects of
synthetic cannabinoids have been reported as well (1,8-
12). Since new synthetic cannabinoids are emerging rap-
idly, it is virtually impossible to control these substances
legally within appropriate time intervals using scientific
evidence.

The main receptor responsible for the psychoactivity of
synthetic cannabinoids, the cannabinoid type I receptor
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(CB,)), is relatively well-specified, and binding affinity to
the receptor is a key factor in the relative psychoactivities
of these compounds. Considering this, there have been
several attempts to set up a rapid evaluation system, such
as a quantitative structure-activity relationship model, in
order to predict the psychoactivities of the synthetic can-
nabinoids, based on their binding constant values (4).

Generally, receptor binding affinities have been evalu-
ated using conventional radio-isotope receptor binding
assays. There are two typical assay formats used for the
analysis of receptor-ligand interactions in screening appli-
cations: filtration and scintillation proximity assays (13,14).
The filtration method is not appropriate for radioligands
with rapid dissociation rates (15), while the scintillation
proximity assay is expensive and requires specific licenses
for working with radioactive substances. In order to deter-
mine receptor binding affinities without using radioactive
substances, several other methods have been employed in
previous reports, such as fluorescence polarization (16)
and time-resolved fluorescence (17).

Surface plasmon resonance (SPR) allows for the real-
time monitoring of association and dissociation events
between a binding partner that is immobilized on a sensor
surface and one that is injected over the surface (18,19).
This technique is widely used to investigate many surface
characteristics, such as ligand-receptor binding affinities
and antigen-antibody interactions. Based on this, the SPR
technique was used in the present study to investigate its
utility in determining the receptor binding affinities of nat-
ural and synthetic cannabinoids (A"—THC, JWH-210, JWH-
250, JWH-015, and RCS-4).

MATERIALS AND METHODS

Substances. A’-THC, JWH-210, JWH-250, JWH-015,
and RCS-4 chemical structures are shown in Fig. 1. All

cannabinoids were purchased from Cayman Chemical
(Ann Arbor, MI, USA), and ['H]SR141716A was pur-

chased from PerkinElmer (Waltham, MA, USA) for the
receptor binding affinity assay. For vector construction and
yeast transformation, the commercially synthesized CB,
gene and the pPICZoaC vector, suitable for gene expres-
sion in yeast cells, were purchased from Bioneer Corpora-
tion (Daejeon, Korea). Restriction enzymes (EcoRI and
Xbal) were purchased from New England BioLabs, Inc.
(Ipswich, MA, USA), and ligase (T4) was obtained from
Promega Corporation (Madison, WI, USA). Competent
cells from Escherichia coli strain DHSa and Pichia pastoris
strain X-33 were purchased from Invitrogen (Carlsbad,
CA, USA). In order to confirm the transformation results,
Anti-His(C-terminal)-HRP antibody (Invitrogen) and Anti-
FLAG(N-terminal) M2 antibody (Sigma-Aldrich, St. Louis,
MO, USA) were used.

Vector construction and transformation. The com-
mercially synthesized CB, gene was amplified by PCR.
The primer sequences were 5-GAATTCGATTACAAG-
GATGACGACCA-3" (forward) and S5-TCTAGACA-
GAGCCTCGGCAGACG-3' (reverse). The amplified CB,
gene fragment was inserted into the pPICZaC vector with
a FLAG tag at its N-terminal and His tag at its C-terminal
sites, using the restriction enzymes EcoRI and Xbal and
T4 ligase. Recombinant plasmids were transformed into E.
coli DH5a. cells by heat shock (42°C, 90 sec), and cells
were cultivated in zeocin-treated media at 37°C to select
transformed colonies. Transformants were collected, and
the inserted CB, gene sequence was identified by a quali-
fied sequencing agency (Bioneer Corporation).

The pPICZaC-CB, construct was linearized by restric-
tion digestion at the Sacl site to transform competent cells
from the P. pastoris X-33 strain with the CB, gene. Trans-
formation into the competent yeast cells was performed by
heat shock (42°C, 10 min). Transformed cells were incu-
bated in zeocin-supplemented yeast peptone dextrose
medium for 3 days at 28°C. Then, transformants with the
Mut" phenotype were selected in medium provided by the

JWH-015

JWH-250
Fig. 1. Chemical structures of A’-tetrahydrocannabinol (A>-THC), JWH-210, RCS-4, JWH-015, and JWH-250.
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manufacturer (Invitrogen), and the size of the insert was
verified by PCR amplification. Transformants harboring
the CB, gene were cultivated in buffered glycerol com-
plex medium with different methanol contents (0.5% or
1%) for various lengths of time (0-72 h) to determine the
optimal conditions for CB, protein induction. Protein expres-
sion levels were assessed and confirmed from the superna-
tant before purification using western blot with anti-FLAG
(primary) and anti-mouse (secondary) antibodies.

Expressed protein was extracted from the yeast cells and
purified by affinity chromatography using metal-chelated
affinity and gel filtration chromatography (Superdex 16/60
S-200, GE Healthcare, Buckinghamshire, UK). The puri-
fied protein was identified using western blot in the same
procedure with the same antibodies mentioned above, and
the concentrated protein was stored at —80°C.

Receptor binding assay using SPR. A Biacore 3000
(GE Healthcare) was used to measure the binding affini-
ties of synthetic cannabinoids and A’~THC to the recombi-
nant CB,. Before measuring the binding affinities of the
test substances, the equipment was validated using the
Biacore 3000 Getting Started Kit, provided by the manu-
facturer. The SPR experiment was conducted in three steps:
immobilization, interaction analysis, and regeneration. For
immobilization, the synthesized CB, protein was bound to
the biosensor chip, CM5 (with carboxymethylated dex-
tran attached to the gold surface), by amine coupling (30
pg/mL concentration at 10 pL/min flow rate) under vari-
ous pH conditions (pH 4.0, 4.5, 5.0, and 5.5), in order to
determine the optimal immobilization conditions. The
injection time was 7 min. Excess receptor was washed out
with 1 M ethanolamine-HCl (pH 8.5). For interaction analy-
sis, test substances (A‘)—THC, JWH-210, JWH-250, JWH-
015, and RCS-4) were dissolved in 100% ethanol and then
diluted to 50 uM with running buffer (1 x PBS : ethanol :
Tween 80=19:0.5:0.5). Diluted test substances flowed
into the biosensor chip at a flow rate of 50 uL/min for
more than 5 min, to bind to the immobilized CB, [final
amount: 2,000 response units (RU)]. For regeneration, after
determining the responses, the biosensor chip was regen-
erated with 50 pL/mL running buffer for 10 min.

The experiment was repeated at least three times, and
association constants were automatically calculated from
the specific binding values using BIAevaluation software
(GE Healthcare) with the following formula: K, =1Csy/
[T+ ([LV/Ky)], where ICs, is the half-maximal inhibitory
concentration, [L] is the concentration of the ligands, and
K, is the equilibrium dissociation constant. The data were
analyzed using Sigmaplot (Systat Software Inc., CA, USA).

Receptor binding assay using radioactive isotopes.
Chemiscreen recombinant human CB, membrane prepara-
tion (EMD Millipore Corp., Milford, MA, USA) was pur-

chased and stored at —70°C until use. A saturation binding
assay was conducted with CP-55940, an agonist, and radio-
active ['H|]SR141716A, an antagonist, based on a previ-
ous report (20). Briefly, binding buffer [S0 mM HEPES
(pH 7.4), 5 mM MgCl,, 1 mM CaCl,, and 0.2% BSA] and
washing buffer [S0 mM HEPES (pH 7.4), 500 mM NacCl,
and 0.1% BSA] were prepared and stored at 4°C until use.
The binding buffer, DMSO (15%), and radioactive ligand
(10%) were mixed and incubated at 30°C for 1 hr for the
membrane binding reaction. After washing, the counts per
minute (cpm) of each binding group were determined using
a beta-scintillation counter. The receptor density (B,,,)
and radioligand equilibrium dissociation constant (K,) val-
ues were calculated from the specific binding cpm values
using GraphPad Prism 5 software (GraphPad Software, La
Jolla, CA, USA).

The competition receptor binding assay was performed
using a protocol similar to that of the saturation binding
assay described above. The amount of specifically bound
radiolabeled compound, in the absence of competing com-
pounds, was calculated by subtracting non-specific bind-
ing from total binding: specific binding = minimum specific
binding + [(maximum specific binding + minimum spe-
cific binding)/(1 + 10°¢*~ ¢ (“9) where x is the concentra-
tion of the tested synthetic cannabinoid]. The percentage of
specific binding was calculated for the amount of radiola-
beled compound bound in the presence of various concen-
trations of each competing compound. The data were

bp 1 2

1500

Fig. 2. CB, gene identification by PCR after transformation
into Pichia pastoris. Lane 1: size marker, lane 2: transformed
pPICZaC-CB,. The gene was analyzed after selection on mini-
mal methanol histidine and minimal methanol dextrose media.
The CB, gene size is 1,416 bp.

pISSN: 1976-8257  elSSN: 2234-2753



40 HJ. Chaetal.

analyzed with GraphPad Prism software, and the IC,, and
inhibition constant (K,) values were calculated.

RESULTS
CB, protein expression and purification. Recombinant

CB, protein was used to measure the binding affinities of
A’-THC and four synthetic cannabinoids. A commercially
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synthesized CB, gene was inserted into the pPICZa.C vec-
tor and used to transform E. coli DH5a cells. Transfor-
mants with zeocin resistance were selected, and inserted
genes were sequenced in order to verify the CB, gene
insertion in the pPICZaC vector. The CB, sequence was
determined by a professional company and was verified
using the NCBI Blast database (Fig. 2). The cloned gene
was then used to transform yeast cells (P pastoris X-33)
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Fig. 3. Expression levels of CB, protein in Pichia pastoris. Expressed proteins were analyzed over time at various methanol concen-
trations (0.5 and 1.0%). Expressed protein level was determined by (A) Coomassie blue staining and (B) western blot. (C) The pro-
tein was purified using a Ni-column (upper panels, number: fraction number, FT: flow-through, Sup: supernatant, lane 4: size
marker) and gel chromatography (lower panels, Sup: supernatant, lane 2: size marker, number: fraction number). The CB, protein

size is 75 kDa.
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for expression of CB, protein. The CB, gene in the yeast
transformants was confirmed to be 1,416 bp using PCR in
order to verify the correct insertion of the target gene into
the yeast competent cells. Based on Coomassie blue stain-
ing and western blot of CB, protein, the protein was
expressed beginning at 12 hr, with maximal expression
after 48, 58, and 72 hr of cultivation with 1% methanol

RU
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35000
30000
25000

20000

EDC/NHS

15000

a

(Fig. 3A, 3B). After the purification process (chromatog-
raphy with Ni-chelated affinity column and gel filtration),
5.6 mg of CB, protein was obtained (Fig. 3C).

Receptor binding assay using SPR. The optimal pH
for immobilizing the synthesized CB, protein was 5.0. As
shown in Fig. 4, the CB, protein was bound to the biosen-
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Fig. 4. Immobilization of CB, on the biosensor chip (CM5) by amine coupling. EDC [0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide] and NHS (0.1 M N-hydroxysuccinimide) coupling solution was used to activate the CM5 chip. CB, protein was diluted in
sodium acetate buffer (pH 5.0) and flowed into the biosensor chip at 10 uL/min for 7 min. Uncoupled protein was washed out by

1 M ethanolamine-HCI (pH 8.5). Proteins were coated at 2,000 response units (RU).

y JWH-015 RCS-4
- 1500 [H] SR141716A - 1500 - 1500
c c c
] S S E
[} [<] [=] .
o <] o2
< _ 1000 < . 1000 < . 1000 §
CF °F i eF 3
N~ o N~ o N~ o
Te Ie 3L
b 500 = 500 = 500
(7] 7] 2]
= 3 T
- s =~ T = 0o+——T————
0 10 20 30 40 50 9 8 -7 6 5 -4 -3 1110 -9 8 -7 -6 -5 -4
['H] SR141716A (nM) [JWH-015] log M [RCS-4] log M
THC JWH-210 JWH-250
1500 - 2000 - 2000
c s
° g g
£ i 2 1500 R 1500
3 1000 < <
< cE eE
< _ =& 1000 & 1000
CE i prC) e I
£8 %1 X X
$e = 500 = 500
x T T
2 0T —— © o+—T——T—"T—"TT— = o+t
£ 10 9 -8 -7 6 -5 -4 -3 12-11-10 -9 -8 -7 6 -5 -4 1110 -9 8 -7 -6 -5 -4
500 [THC] log M [JWH-210] log M [JWH-250] log M
JWH-210 JWH-250 N-THC RCS-4 JWH-015
ICy, (M) 5.3x10° 2.1x107 4.7x107 1.5x10° 4.7x10°
Ki (M) 2.6x10° 1.1x107 2.3x107 7.3x10° 2.3x10°

Fig. 5. CB, binding affinities of A>-THC, JWH-210, JWH-250, JWH-015, and RCS-4 using SPR equipment. The binding affinities were
measured in real time, and the test was repeated six times. The order of receptor binding affinity from highest to lowest was JWH-
210, JWH-250, A>-THC, RCS-4, and JWH-015.
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Fig. 6. Competitive binding curves for A>-THC, JWH-210, JWH-250, JWH-015, and RCS-4 to CB, over-expressing cell membranes
using the conventional isotopic receptor binding assay. Data are means + standard errors.

sor chip at 2,000 RU. The K, values of A-THC, JWH-
210, JWH-250, JWH-015, and RCS-4 were 6.45 x 10" M,
1.05x 10 M, 1.53x 10" M, 1.47 x 10" M, and 3.63 x
10" M, respectively. The sensorgram for the test sub-
stances is depicted in Fig. 5. The highest receptor binding
affinity was exhibited by JWH-210, followed by JWH-
250, A’-THC, RCS-4, and lastly JWH-015.

Receptor binding assay with radioactive isotopes.
The CB, binding affinity of A-THC, JTWH-210, JWH-250,
JWH-015, and RCS-4 was measured by saturation bind-
ing and competitive binding assays using over-expressed
protein membranes. In the saturation binding assay with
[’H]SR141716A, the B, was 953 cpm and the K, value
was 8.768 nM. The ICs, values and K, values of the test
substances were calculated using the results of the com-
petitive binding assay and the B, and K, values. The IC;,
values of A>-THC, JWH-210, JWH-250, JWH-015, and
RCS-4 were 4.7 x 107 M, 5.8 x 10° M, 2.1 x 107 M, 4.7 x
10° M, and 1.5 x 107> M, respectively, and the K; values
were 2.3 107 M, 2.6 x 10° M, 1.1 x 107 M, 23 x 10° M,
and 7.3 x 107° M, respectively. The highest binding affin-
ity to CB, of the test substances was exhibited by JWH-
210, followed by JWH-250, A>-THC, RCS-4, and finally
JWH-015. The order of the CB, binding affinities of the
test substances was therefore the same as that determined
using the non-isotopic receptor binding assay. The satura-
tion and competitive binding curves are shown in Fig. 6.

DISCUSSION

Synthetic cannabinoids have caused social issues in

Korea since 2010 because of their marijuana-like effects,
such as euphoria (20). As the Ministry of Food and Drug
Safety is charged with designating controlled substance
status to new psychoactive substances, it is necessary to
evaluate the dependence liabilities of synthetic cannabi-
noids in order to regulate the substances as either “psycho-
active drugs” or “temporary psychoactive substances”,
based on the “Act on the Control of Narcotics.”

In the present study, an in vitro receptor binding assay
was performed using SPR and compared to the isotopic
receptor binding assay, in order to establish a reliable and
safe evaluation system to predict the psychoactivities of
synthetic cannabinoids. There have been several previous
attempts to create an in silico prediction model of syn-
thetic cannabinoids (4,21,22). In order to establish an in
silico prediction model, the collection of in vivo or in vitro
data, such as the 50% maximal effective dose (EDs,) or
pharmacodynamical values (K,, K, K)), is essential. How-
ever, since in vivo experiments are time-, labor-, and cost-
intensive compared to in vitro assays, it would be more
efficient to set up an in vitro assay system to obtain the
relevant data for an in silico prediction model.

In vitro receptor binding assays can be tools for depen-
dence prediction of emerging substances, especially when
the target receptors are well defined. In our previous study,
the receptor binding affinity and the in vivo dependence
potential were revealed to be correlated with each other
(20). As an in vitro method, receptor binding assays have
conventionally been performed using radioisotopes (13,14),
which offer many disadvantages in terms of the handling
of radioactive substances. Since the SPR technique does
not need radioactive ligands, it would be beneficial for
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user safety. In this regard, the SPR technique was employed
to measure the receptor binding affinities of synthetic can-
nabinoids, in order to create a non-isotopic method for
dependence potential prediction. The SPR technique uses
biosensors, an analytical system that combines biological
recognition and transduction into an electrical signal. Bio-
sensor-based methods are powerful approaches for the
monitoring of molecular binding activity (18,19). Through
the SPR technique, it is possible to detect binding affini-
ties in real time.

Transmembrane proteins are generally known to be dif-
ficult to express and purify. Since most receptors for
chemicals, including CB,, are transmembrane proteins, the
availability of receptors is highly limited. To overcome
this limitation, CB, protein was expressed and purified
using E. coli and P pastoris, respectively, in order to
develop a receptor protein expression and purification sys-
tem. Traditionally, E. coli has been commonly used for the
replication of various genes owing to its advantageous
characteristics in terms of practicality and economic feasi-
bility. However, it is not appropriate for post-translational
expression of proteins because it lacks many endoplasmic
organelles essential for substantive protein expression. In
this regard, a methylotrophic yeast strain, P. pastoris, has
been used in several reports (23,24). According to these
reports, a methylotrophic yeast strain is useful for cloning
eukaryotic genes, as yeast is a eukaryote possessing an
endoplasmic system for post-translational modifications.
Expression of CB, using both E. coli and P. pastoris was
introduced in a previous report that demonstrated the effi-
ciency of using a FLAG tag at the N-terminus and c-Myc
and hexahistidine tags at the C-terminus (25). However,
the authors could not demonstrate ligand binding with the
purified CB, in their study. This was suggested to be due
to the environmental sensitivity of CB,. Considering this
suggestion, in the present study, CB, was purified using a
nickel-charged column and gel filtration and was con-
firmed to be successfully bound to the biosensor chip of
the SPR. This is the first study to report cloned CB, with
the ability to act as a ligand-binding receptor.

In order to validate the established non-isotopic recep-
tor binding assay method for rapid dependence prediction
in the present study, the data on synthetic cannabinoids
from the SPR receptor binding assay were compared to
those from the conventional isotopic filtration receptor
binding assay. The results from the non-isotopic and con-
ventional isotopic methods were in accordance to each
other, namely that the highest binding affinity was exhib-
ited by TWH-210, followed by TWH-250, A’-THC, RCS-4,
and JWH-015.

There have been several reports on the relationship
between in vivo psychoactivity and cannabinoid receptor
binding affinity (26-28). With the exception of the study
by Presley et al. (26), these studies used radio-ligands for

measuring receptor binding affinities. Wiley et al. (28)
compared the in vivo THC-like effects of three synthetic
cannabinoids with their in vifro CB, binding affinities, using
the filtration method and agonist-stimulated [*S]GTPyS
binding affinities, indicating the close association of the in
vitro binding affinities with behavioral activities. Smoum
et al. (27) also suggested the availability of receptor bind-
ing affinities of synthetic cannabinoids with the biological
potencies of cannabinoid receptor agonists. Presley er al.
(26) applied the ACTOne assay, which had been used for
G-protein coupled receptor pharmacology, in order to estab-
lish a new pharmacological evaluation system using CB,
signaling in endocannabinoids and synthetic cannabinoids.
They compared the ACTOne assay with several conven-
tional receptor binding assays, such as the [>S]GTPyS, B-
arrestin, and cAMP assays, and recommended the ACTOne
assay as a high-throughput evaluation method. This sug-
gested system has not been sufficiently validated yet, but
it provides useful information. In addition, a previous in
vivo behavioral pharmacological study showed that the
rewarding effect of JWH-210 was higher than that of A’-
THC (29). The binding affinity of the present study is in
line with this result, suggesting the in vifro SPR assay
would be useful to predict the psychoactivity of unknown
substances.

A limitation of our study is the relatively small number
of tested synthetic cannabinoids. Prior to applying the
established non-isotopic receptor binding assay, data on
more synthetic cannabinoids from further studies is needed
to enhance its predictivity and accuracy. As attempts are
also being made to synthesize new recreational substances,
additional studies are also needed to establish the use of
this method in evaluating other groups of new psychoac-
tive substances, such as synthetic cathinones and amphet-
amine-type stimulators. Taken together, our findings indicate
that the established non-isotopic receptor binding assay
involving the SPR method has the potential to be useful
for the prediction of dependence liabilities of synthetic
cannabinoids in the future.
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