Cannabinoid 1 Receptor
Interaction: Distinguishing an
Agonist vs Antagonist

By: Josh Alb

Research Advisors: Dr. Phangali Ghosh, Dr. Brian Lavey,
Dr. Sutapa Ghosh

Middlesex County College 2017 Research
iIn Chemistry Program



Alb 1

Abstract:

Cannabinoids have shown the capacity and ability to treat numerous diseases and
ailments such as pain!!, grand mal epileptic seizures!?, anxiety!®!, and migraines!*. Cannabinoids
interact with known cannabinoid receptor sites labeled cannabinoid 1 (CB1) receptor and
cannabinoid 2 (CB2 receptor)?®). These cannabinoids can function as either an agonist, inverse
agonist, or antagonist. Although their function is known the reason why cannabinoids bind as
either an agonist or antagonist is not. The goal of this research is to analyze how agonist binding
cannabinoids and antagonist binding cannabinoids interact with the CB1 receptor site, which
amino acid residues they share, and which amino acid residues differ. This information will help
us determine why cannabinoids induce different effects on their consumer and how we may
examine the key residue interaction to determine how to construct better cannabinoids and
determine how an unknown cannabinoid will function.

Introduction:

This research cannot be fully understood without a basic background on Bioinformatics
and cannabinoids themselves. Bioinformatics is a discipline of science that uses biological data
with techniques for information storage, distribution, and analysis to support multiple areas of
scientific research, including biomedicine!®). This field helps us better people better understand
all the information on biological molecules and, for this research purpose, how they interact with
protein receptors in the brain. The tools used are a combination of biology, technology, computer
science, and mathematics in a specific way that allows the user to better understand biological
information.

Several Bioinformatics tools were used to conduct this research. The first tool utilized
was the Protein Data Bank (PDB), to extract the 3D crystal structures of the target protein (CB1
receptor) and its crystalised molecule being studied. The second tool used is the University of
California, San Francisco (UCSF) Chimera program, which is a software program used to view
3D macromolecular structures. This research uses UCSF Chimera to view molecules inside the
protein pocket to study their molecular interactions within the receptor. Once those were attained
Middlesex County College provided the ChemDraw software that was utilized to create small
molecules in 2D and 3D. Finally this research used online websites, run by the Swiss Institute of
Bioinformatics, called SwissTargetPrediction and SwissDock. These tools allowed us to analyze
the binding characteristics and interactions of the small designed molecules. These molecules
will later be discussed in detail.
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The discovery of a new drug is neither cheap nor can be accomplished in a small span of
time. Pharmaceutical companies in today’s world follow a series of steps in order to bring a drug
to market through this Drug Discovery Process. Firsty, the must be identify the protein they wish
to target. This is key for researchers because they must know exactly which protein in the body is
they wish to transport a drug to. Upon succession researchers move on to the Lead Discovery
phase with the molecules identified to have the best interaction with the target protein.
Afterwards begins the Lead Optimization/ Medical Chemistry phase. In this phase researchers
are constantly modifying and adjusting the most forefront molecules with the intent to produce
better results in binding abilities through these changes. At this step chemists will also synthesize
the molecule based on the correct changes. Upon succession, chemists will then proceed to the
cell-free binding assay, otherwise known as In Vitro studies. This is where the molecules are
tested in binding assays outside and inside cells. Once a compound shows reasonable activity in
cell-free and cell-based, they will be placed in In Vivo studies. This is the phase where the
molecule is administered to be tested on small animals such as rodents and amphibians. Upon
successful results, the next step would be Pre-Clinical trials. Here, a wide range of testing is done
to determine the safe dose for a first-in man study. This research comprises of the Lead
Optimization phase where the created safe molecules are being attempted to have accurate
changes made to them to produce better results in the interaction abilities with the target protein.

Utilizing the Bioinformatic method, molecular design is conducted through 3D Structure
Based Design procedure. Through using this approach, it is understandable how exactly small
molecules will interact with the target protein being the CB1 receptor. This method provides
chemists the ability to make accurate changes to the ligand because Bioinformatics tools provide
for a better understanding of the ligand-receptor interactions. This is often referred to as they
“lock and Key” method. Once a “lock™ has been identified, it is fairly easy to design a “key” to
fit that lock. 3D drug design is similar to this. A protein’s active site is the “lock™ and a small
molecule that is the inhibitor is the “key” that chemists design to fit that lock (Figure 1).

. J Substrate

(Figure 1)

3D Drug Design is similar to a “lock and key”. The protein active site can be
thought of as as “lock” and the substrate or molecule for the protein is the “key”
for that lock.
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2D structure-activity relationship (SAR) approach is the traditional route for big
pharmaceutical and drug companies today. This approach requires thousands of molecules to be
synthesized and analyzed which requires a lot of time and money. This method lacks the
information about how the molecule that was synthesized interacts with the target protein. 3D
Structure Based Drug Design allows for this information to be known and is what gives it an
edge. It is more efficient over SAR saving labor, time, and money by providing the necessary
information for chemists and researchers about how exactly the molecule interacts with the
protein. For this experiment, we were able to find the structure of our target protein, the
Cannabinoid 1 Receptor using the Protein Data Bank. This will help us thoroughly understand
the nature of the active pocket site and create a small molecule that will interact with it. This
interaction will help us determine what amino acid residues the molecules make contact with.
Based off of that we may begin to determine how to build compounds that target these specific
sites to generate specific effects.

The Cannabinoid 1 Receptor, or CB1 for short, is a porous cell membrane receptor
located throughout the central nervous system primarily in brain and neural tissue!”. The CB1
receptor is responsible for sleep™, appetite”, mood!'”, and body temperature!'"). It is part of a
much larger system called the endocannabinoid system, which is a group of lipids and receptors
that assist in multiple body functions and maintenance of homeostasis!'?. There are two types of
cannabinoid receptors that comprise of the endocannabinoid system however. They CB1, and
CB2 which is located on immune related tissues and on peripheral organs!”. These cannabinoid
receptors interact specifically with what are called cannabinoids, which is what the focus of this
research is based around. A cannabinoid is a molecule that interacts specifically with
cannabinoid receptors and are most commonly associated with the active components of the
cannabis plant!'¥), These cannabinoids function as either an agonist, inverse agonist, or
antagonist. Cannabinoids follow the same “lock and key” method as described before. The
“lock” being the cannabinoid receptor, and the “key” being the cannabinoid (Figure 2).

(Figure 2)

Cannabinoids are the “key” to the
cannabinoid receptors. These “keys” enter the
“lock” that is the receptor and produce or
inhibit a biological response.

Cannabinoid Cannabinoid Receptor
Endocannabinoids CB1,CB2
AEA, 2-AG, etc. Non-cannabinoid receptors
Phytocannabinoids GPR55, GPR18, GPR119,
THC, CBD, etc. TRPV4, etc.
Synthetics

Nabilone, (-)CP55940,
WIN 55,212-2, etc.
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We will be inserting these cannabinoids in two different inactive CB1 protein sites. The

first is the inactive antagonist site STGZ (Figure 3), the second is the inactive agonist site 5XR8
(Figure 4). These two sites were crystallized by Dr. Raymond Stevens, 5TGZ in 2016!'* and
5XR8 in 201715, The CBI1 receptor can be thought of as a “boot”. Once a molecule enters the
receptor it places itself in the active site which is the “toe” of the boot. Although it is the same

CBI receptor protein and appears to look similar these sites are slightly different. When the two

are superimposed, obvious differences are observed in the size of the “toe” and the confirmation

of the “calf” of the boot (Figure 5). This means that different functioning cannabinoids will

induce different effects.

(Figure 3)

The pink columns is the inactive antagonist
cannabinoid 1 receptor protein STGZ. The green is
the active site within the receptor. The gray, blue,
and red shapes within the green is the crystallized
ligand TZG.

(Figure 4)

The blue columns is the inactive agonist cannabinoid
1 receptor protein 5SXR8. In green is the active site
within the receptor. The gray and red shapes shown
within the green is the crystallized ligand 8DO.
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(Figure 5)

5TGZ (in pink) and 5XR8 (in blue) superimposed. Obvious difference occur in the “calf” part
of the CBI1 receptor. Other differences is slight variation of the “bridge” of the “foot” part of
the CB1 receptor.

Using a series of bioinformatics tools we will examine and replicate the docking of
antagonist binding and agonist binding cannabinoids. Since the function of the cannabinoids are
known we will insert them into their proper functional sites. Antagonist binding cannabinoids
will be placed in the inactive antagonist site STGZ. Agonist binding cannabinoids will be placed
into the inactive agonist site 5XR8. We will use the known crystallized cannabinoid within the
receptor and the residues it interacts with and compare it to the unknown cannabinoids. The chart
below describes each cannabinoid, the way it functions, the site it will be placed in, and what the
known medical benefits are (Figure 6).
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Cannabinoid Function Inactive Docking | Known Medical
Site Benefits/
Effects
oy
H""%\/ . .
5{}/ Antagonist Unknown
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(Figure 6)
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Once we have docked the cannabinoids, we will generate a pocket that is formed within
the receptor site for each. Each cannabinoid will have different conformations they hold within
the site. We will use the bioinformatics program SwissDocking to view these confirmations. The
program will show not only the conformations but which ones are energetically favorable. That
favorability is unknown, and will be represented in AG kilocalories per mole (kcal/mol). That
will then be compared to the known IC50 value which represents the amount needed in order to
reduce 50% of the activity within the protein (Figure 7).

Lig short name  Lig Type PDBID Size of pocket (A) Center of pocket (x,y,z) IC50 Value (pM ) A G Value (kcal/mol)
ZDG Antagonist 5TGZ  5x5x5 x=(43.502) y=(27.787) z=(318.810) Unknown ?
Rimonabant Antagonist 5TGZ 5x5x5 x=(43.502) y=(27.787) z=(318.810) Unkown ?
Taranabant Antagonist 5TGZ 5x5x5 x=(43.502) y=(27.787) z=(318.810) 0.00030 i
CBD Antagonist 5TGZ 5x5x5 X=(43.502) y=(27.787) z=(318.810) 2.10 a
8D0 Agonist 5XR8 5x5x5 Xx=(-42.646) y=(-156.676) z=(306.315) Unknown ?
Anandamide Agonist 5XR8 5x5x5 x=(-42.646) y=(-156.676) z=(306.315) 2.10 ?
THC Agonist 5XR8 5x5x5 x=(-42.646) y=(-156.676) z=(306.315) 2.70 ?
CBN Agonist 5XR8 5x5x5 x=(-42.646) y=(-156.676) z=(306.315) 2.10 ?
(Figure 7)
The chart representing where the data will be kept and tracked. The site, size (measured in
angstrom), center (exact coordinates of placing molecule), IC50 value and unknown AG value.

Upon such generation we shall examine the amino acid residues that each cannabinoid
interacts with within the pocket. Then the residue sheets will be compiled, compared, and
contrasted. This information will then determine which amino acid residues agonists and
antagonists share and which residues are different (Figure 8). This differences will determine
why an antagonist or agonist cannabinoid functions the way it does. We may then use this
information to develop synthetic cannabinoids to taret these specific residues to treat a variety of
medical ailments.

Antagonist Agonist (Figure 8)
— - The chart used to keep track of the amino acid residues. In
Shara BT green will be the residues that both antagonists and

agonists have in common. In pink will be the unique

Share Share . . . .

: : residues for antagonists. In blue will be the unique
Unique Unique . .

. . residues for agonist.
Unique Unigue

Unique Unigue
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Protocol:

Tools:

This experiment will be conducted using a series of bioinformatics tools. These tools will
help us attain the best confirmation of each cannabinoid. Based off the confirmation then we may
determine the amino acid residues they contact. The following tools used are:

1. RCSB PRB (www.rcsb.org): to obtain and download 3D structures of CB1
receptor-ligand complexes.

2. Chimera: to view the 3D structures of the CB1 receptor-ligand complexes. This
will be used to for two main reasons in this experiment. To edit the
receptor-ligand complexes for preparation of cannabinoids for docking and to
view our docking results from the SwissDock Program.

3. ChemDraw 2D: to draw the cannabinoids to import to ChemBio 3D to generate a

3D structure of the ligand.

4. ChemBio 3D: to minimize the structure of the cannabinoid and to create its
Simplified Molecular Input Line Entry Specification (SMILES) string. The
SMILES string is a chemical description of a given structure that helps it become
recognized by computers. This chain may be imported by many molecule editors
for conversion into two-dimensional drawings and three-dimensional models of
the molecule.

5. SwissTargetPrediction: An online tool that predicts the targets of small molecules

through a combination of two-dimensional and three dimensional similarity
measures. This program compares the inserted molecule to a library of thousands
of compounds active on selected targets from a variety of different species.

6. SwissDock: An online tool that predicts the molecular interactions that may occur
between a target protein and a small molecule. This tool will list the different
predictions based off its confirmations through its AG measured in kilocalorie per
mole (kcal/mol). This will tell us the energetic favorability of the cannabinoid we
input for docking.


http://www.rcsb.org/
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Procedure:

These tools will be used in combination to conduct a series of steps that will be repeated
for each cannabinoid chosen for data collection:

1. Search the RCSB PDB for any CBI1 receptor-ligand complexes (Figure 9). For the
CBI1 receptor-ligand antagonist complex the ID is STGZ (Figure 10). For the CB1
receptor-ligand agonist complex the ID is 5XRS8 (Figure 11). We also would look
at these complexes and identify the cannabinoid that forms the pocket protein
along with any other small molecules shown in Figures 12 and 13.

RCSBPDB  Deposit - Search~ Visualize = Analyze =

PDB

PROTEIN DATA BA

FebE

(Figure 9)
Search for CB1 receptor-ligand complexes

from proten synthesis to heslth and discase.

the RCSE. 08 data.

esearch and education In molecular iology sructural bology, computational
biology,and beyond,

5TGZ viewFie
Crystal Structure of the Human Cannabinoid Receptor CB1

Pu, M., Qu, L., Han, G.W., Wu, Y,, Zhao, S., Shui, W., Li, S., Korde, A.,
I, E.L., Ho, J.H., Zvonok, N., Zhou, H., Kufareva, I., Wy, B., Zhao, Q.,
L iyannis, A., Stevens, R.C., Liu, Z.J.

Hua, T., Vemuri,
Laprairie, R.B.,
Hanson, M.A., Bohn,

(2016) Cell 167 750-762.e14

Released: 11/2/2016 Macromolecule: (Figure 1 0)

©3D View Method: X-ray Diffraction Gannabinoid receptor 1,Flavodoxin, .. (protein)
Resolution: 2.8 A Cannabinoid receptor 1,Flavodoxin, .. (protein)

Rosidue Counts 452 Unique Ligands: FMN, OLA, OLG, PEG, 206 Obtain antagonist/ inverse agonist protein

Search term match score: 532.94

S—— receptor-ligand complexes

o _citation.itle: Crystal Structure of the Human Gannabinoid Receptor CB1
o _entity.pdbx_description: Cannabinid receptor 1,Flavodoxin,Cannabinoid receptor 1, 4-{4-[2-2,4-
I nitrate, FLAVIN
MONONUGLEOTIDE, (2R)-2,3-clhycroxypropyl (82)-octadeo-9-enoate, OLEIC ACID,
DI(HYDROXYETHYLETHER
o _entity_name_com.name: CB1,GANNG, CB1,CANNG
o _struct.title: Crystal Structure of the Human Gannabinoid Receptor CB1
o _struct | Membrane protein, G receptor, human cannabinoid receptor GBI,
intagonist AME538, ., CB1 -Flavodoxin chimera, SIGNALING

PROTEIN
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5XR8 View il
Crystal structure of the human CB1 in complex with agonist AM841

Hua, T., Vemuri, K., Nikas, S.P, Laprairie, R.B., Wu, Y., Qu, L., Pu, M., Korde, A,, Jiang, S., Ho,
JH.

an, G.

K., Li, X,, Liu, H., Hanson, M.A., Zhao, S., Bohn, L.M., Makriyannis, A.,

(2017) Nature 547 468-471
L

©3D View

Released: 7/12/2017
Method: X-ray Diffraction
Resolution: 2.95 A
Residue Count: 438

Macromolecule:
Gannabinoid receptor 1,Flavodoxin, ... (protein)
Gannabinoid receptor 1,Flavodoxin, ... (protein)
Unique Ligands: 800, GLR, FMN, PEG
Search term match score: 466.30

Matched fields in 5XR8.cif:

o _citation.title:

receptor CB1

o _entity.pdbx_description: Cannabinoid receptor 1,Flavodoxin,Cannabinid receptor 1, FLAVIN
MONONUGLEOTIDE, (62R 9R, y .
62,7,8,9,10,102-hexahydrobenzofcichromen-1-0l, GHOLESTEROL, DI(HYDROXYETHYLETHER

o _entity_name_com.name: CB1,GANNG, CB1 CANNG

o _struct.titie: Crystalstructure of the human CB1 in complex with agonist AM841

o _struct Membrane protein, receptor, pidic
Gubic phase, SIGNALING PROTEIN

(Figure 11)
Obtain antagonist/ inverse agonist protein
receptor-ligand complexes

all Molecules

Ligands @I
D Chains Name / Formula / InChl Key 2D Diagram 3D Interactions
720G A 4-[4-[2-(24- Ligand Explorer
Query on ZDG_ dichlorophenyl)-4-methyl-5- ~¢ Q
(piperidin- 1- Lek
Download SDF File ® yicarbamoyl)pyrazol-3- o
’ g ! inding ol
Download CCD File ® yl]pl:nylj:b:‘t S-1my| nitrate
KXXKUWQMQUYUSE-
UHFFFAOYSA-N
FMN A FLAVIN MONONUCLEOTIDE Ligand Explorer
Query on FMN_ RIBOFLAVIN
MONOPHOSPHATE (b
Download SDF File ®
Download CCD File ® 1 ;‘As‘F 2
e
SCRDCRAPSA-N

oLc A (2R)-2,3-dihydroxypropyl Ligand Explorer
Query on OLC (92)-octadec-9-enoate "
1-Oleoyl-R-glycerol k\\,\,\,\ﬂ' NGL
Download SDF File ® gn:::gi A~
Download CCD File ®
RZRNAYUHWVFMIP-

;
!
I

GDCKJWNLSA-N

(Figure 12)

Some of the small molecules located in the
antagonist/ inverse agonist STGZ
receptor-ligand complex. The cannabinoid
that generates the pocket is ZDG (highlighted
in red).

Small Molecules

Ligands CIIZT)
D Chains Name / Formula / InChl Key 2D Diagram 3D Interactions
FMN A FLAVIN MONONUCLEOTIDE Ligand Explorer
Query on FMN RIBOFLAVIN
MONOPHOSPHATE et
Download SDF File ® (Synonym) 5
Download CCD File ® g
FVTCRASFADXXNN-

SCRDCRAPSA-N

8D0 A (6aR,9R,10aR)-3-(8-azanyl-2- Fr—
Query on 8D0 methyl-octan- 2-yl)-9- e =4 -
(hydroxymethyl)-6,6- ’E‘:Q)M NaL
Download SDF File ® dimethyl-6a,7,8,9,10,10a- e
hexahydrobenzo[c]chromen-
Download CCD File @ ool
% Electron Density (JSmol)
Ca5 Ha1 NOg
IMRFQPBRZWXESL-
MISYRCLQSA-N
CLR A CHOLESTEROL —
Query on CLR Cp7 Hg O
HVYWMOMLDIMFJA- PSS -eotalll -
Download SDF File ® DPAQBDIFSA-N N —
Download CCD File @
Electron Density (JSmol)
PEG A DI(HYDROXYETHYL)ETHER Tiows Bxpiorw
Query on PEG C4HioOg
MTHSVFCYNBDYFN- NN

Download SDF File ® UHFFFAOYSA-N

z
Ia
2

Binding Pocket (JSmol)

(Figure 13)

The small molecules located in the agonist
5XR8 receptor-ligand complex. The
cannabinoid that generates the pocket is 8D0
(highlighted in red).
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2. Use Chimera to view the CB1 receptor-ligand complex and identify the
crystallized cannabinoid along with the protein pocket that forms around it. Once
identified we will remove the cannabinoid and prepare the receptor-ligand
complex for docking which will be used in Step 4. Figure 14 shows the
cannabinoid and pocket for 5STGZ. Figure 15 shows the cannabinoid and pocket
for SXRS.

(Figure 14)

The pink ribbons is the STGZ CBI1
receptor-ligand antagonist/inverse agonist
complex. In green is the generated surface
representing the protein pocket. The gray,

blue, lime-green and red ball-and-stick is the
ligand ZTG in complex with the receptor.

(Figure 15)

The blue columns is the 5XR8 CBI1
receptor-ligand agonist complex. In green is
the generated surface representing the protein
pocket. The gray and red ball-and-stick is the
ligand 8DO0 in complex with the receptor.
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3. We will then design the same cannabinoid identified in Step 2 using ChemDraw
2D and 3D to recreate the cannabinoid (Figure 16 for ZDG. Figure 17 for 8DO0 ).
Once recreated the Chem 3D program will provide a SMILES chain. Insert that
chain into the SwissTargetPrediction to run checks (Figure 18 for ZDG. Figure 19
for 8D0). This will tell us if the designed molecule binds and interacts with the
target protein being the CB1 receptor (Figure 20 for ZDG. Figure 21 for 8DO0).

(Figure 16)
ZDG ligand recreated in space. The gray
represents the carbon, the white represents
hydrogen, the green represents chlorine, the
red represents oxygen, and the blue represents
nitrogen.

(Figure 17)
8DO0 ligand recreated in space. The gray
represents the carbon, the white represents
hydrogen, the red represents oxygen, and the
blue represents nitrogen.
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(Figure 18)
The SMILES chain obtained for ZDG is
inserted into the program and is ready to be
sent.

(Figure 19)
The SMILES chain obtained for 8DO0 is
inserted into the program and is ready to be
sent.

SwissTargetPrediction report:

Retorence:
Gfeller D., Michielin O. & Zoete V.
Shaping the interaction landscape of
bioactive molecules, Bioinformatics

Frequency of Target Class

(2013) 29:3073-3079.

L]
-

Uniprot  Gene #sim.
Target P ChEMBL ID Probability cmpds (3D Target Class
code
/20)
Cannabinoid receptor 1 P21ss4 | CONA1 CHEMBL218 260/915 Membrane
receptor
Cannabinoid receptor 2 P72 ONR2  GHEMBL253 185/ 402 |Membrane
receptor

Potassium voktage-gated channel

subfamily H member 2 012809 | KONHz  CHEMBL240

46/13  lon channel

Potassium voltage-gated channel

subfamily H member 6 (by Q22 KONHG 46/13  lon channel

homology)

Potassium voltage-gated channel

subfamily H member 7 (by GoNS40 | KONHT 46/13  lon channel

homology)

Mu-type opioid receptor Pass2  OPAMI  CHEMBL233 soygp |Membrane
receptor
Membrane

Delta- Pattes OPRDI HEMBL. 2

elta-type opioid receptor c 236 003
Membrane
. Paltes  OPRKI /

Kappa-type opioid receptor 4 CHEMBL237 0132
Membrane

N hom Petiss  OPALI  CHEMBL2014 0/32

lociceptin receptor (by homology) c 013

S-hydroxytryptamine receptor 1A Possos  HTR1A  CHEMBL214 asyy [Membmne
receptor
Membrane

-hydrox Pamzzz | HTRIB 1 /

5-hydroxytryptamine receptor 1B CHEMBL1898 I |roceghor

Translocator protein Pa0s3s  TSPO  CHEMBLST42 16/20  Unclassified

osTGUO | TsPoR

Translocator protein 2 (by
1/1  Unclassified
homology)

Microtubule-associaled proteintau ~ P10636  MAPT  CHEMBL1293224 357/11  Unclassified
Membrane
receptor

bbbt LS

5hydroxytryptamine receptor 24 28223 HTR2A  GHEMBL224 38/3

SwissTargetPrediction report:

Gfeller D., Michieiin O. & Zoete V.
Shaping the interaction landscape of

Reference: [ Frequency of Target Class
bioactive molecules, Bioinformatics 4
(2013) 29:3073-3079. .
& A
#sim.
i
Target Unlprot Gens; ChEMBL ID Probability cmpds (3D Target Class
D code
/2D)
Cannabinoid receptor 1 peisse  onmt cHEMBL218  [NNMM 497333 Membrane
receplor
Cannabinoid receptor 2 a7z onre  CHEMBL2s3 (NN 4g/279 Membrane
receptor
Histamine H3 receptor ovsni wans  cHEmBless [N ] asse  Membrane
receptor

Vascular endothel growth factor —
receptor 1 (by homology) . EAi |CHEMBL1663 25/10  TyrKinase

wssie mne oHeweLioss [N ] 25/10 Tyrkinase
Vascular endothelial growth factor

Vascular endothelial growth factor
receptor 3 (by homology)
receplor 2 rsseewon  chevelzro [N ] /10 Tyrkinase

Shydroxytryplamine receptor 1D P2ee2i  WRi0  CHEMBL1oes [N ] 3e/e1 emoane
rocoptor
- " Membrane
stydogynyplaminerecepor 18 rescz2 rwis CHewpLieo [N ] 44/170 Jeoro
D(2) dopamine receptor prace  omoe  CHEweler7 [ ]  aseee Membrane
wal e ) : receptor
Membrane

o paswz  oros  cHEMBLzos (NN ] 25/
)(3) dopamine receptor 5462 DRD3. Cl 3¢ 5/89 receplor
Mustype opiid eceptor oeai  cHEvBLoy [N ta7/tee Membrane
receptor
3 e . Membrane
Delta-type opioid eceptor RN m—
Kappa-type opioid receptor (by . - [ Membrane
homology) Pa114s OPRK1 CHEMBL237 85/158 receptor
Nociceptin receptor (by homology) piias oAl CHEMBL2014 [N | 85/158 ’Mezr:;:ne

= " Membrane
5-hydroxytryptamine receptor 2A paszzs  wmen  coHEwlees [N ] 1s/1s4 % oot

(Figure 20)

The SwissTargetPrediction results for ZDG
confirm interaction with the CB1 receptor.
This gives us confidence to move forward to
Step 4.

(Figure 21)

The SwissTargetPrediction results for 8D0
confirm interaction with the CB1 receptor.
This gives us confidence to move forward to
Step 4.
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4. Upon confirmation that the cannabinoid does indeed interact with that receptor,

we will move onto docking using the bioinformatics tool SwissDock. This will be

conducted through three steps. First, obtaining the coordinates for placement
through the RSCB PDB (Figure 22 for ZDG. Figure 23 for 8D0). Second by
taking the replicated cannabinoid and inserting it and the CB1 receptor-ligand

complex prepared for docking into the program. Third is to create the pocket size
by setting it to 5x5x5 (Figure 24 for ZDG. Figure 25 for 8D0). Once all these are
done the program will run. This will take between 4-12 hours on average to

complete and produce the results.
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RCSB PDB  Deposit + Search~ Visualize ~ Analyze + Download v Leam ~ More ~

(== 136472 Biological
6 Macromolecular Structures Search by PDB ID, author, macromolecule, sequence, or ligands
o= Enabling Breakthroughs in

PROTEIN DATA BANK Researchand Education

Advanced Search | Browse by Annotations

siowior

3D View Annotations Sequence Sequence Similarity Structure Similarity Experiment
£ Biological Assembly 1 © > 5TGZ WPV ® Download Files

FASTA Sequence
Crystal Structure of the Human Cannabinoid Receptor C
DO 10.2210/pdbStgz/pdb PDB Format
R PDB Format (Header)

Classification: SIGNALING PROTEIN

Deposited: 2016-09-28 Released: 2016-11-02

Depositi {s): Hua, T, Vemuri, K. Pu, M. Qu, L., Han, GW, Wy, ™TCIF Format Corde,

A., Laprairie, R.B., Stahl, E.L., Ho, J-H., Zvonok, N., Zhou, H., Kufai mmCIF Format (Header)  M.A., Bohn,

L.M., Makriyannis, A., Stevens, R.C., Liu, Z-J.

Organism: Desulfovibrio vulgaris | Homo sapiens

Expression System: Homo sapiens

Mutation(s): 6

Experimental Data Snapshot wwPDB Validation © 3D Report | Full Report

Method: X-RAY DIFFRACTION Metric Percentile Ranks Value

Resolution: 2.8 A Riree M— of— 237
© View in 3D: NGL or JSmol (in Browser) R-Value Free: 0.238 Clashscore EE— —

R-Value Work: 0.206 Ramachandran outliers I o
Standalone Viewers Sidechain outliers I (o— 339
Simple Viewer Protein Workshop RSRZ outliers M S 6.2%

wase beter

Ligand Explorer Kiosk Viewer

W Pceoncie wative to 3 Xay structures

D percentie reative o X ay sructures of simias resolon

Protein Symmetry: Asymmetric (View in 3D)
Literature
Protein Stoichiometry: Monomer _

(Figure 22)
Use the RSCB PDB to obtain the coordinates for ZDG. They will be under the PDB Format
section. Use the coordinates after choosing a center atom. The coordinates for placement are
highlighted in blue.
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RCSBPDB  Deposit v+ Seachv Visualize v Analyze v Download ~+ Leam v More ~

E ‘Advanced Search | Browse by Annotations

PGPSRVl 3DView  Annotations  Sequence  Sequence Similarity  Structure Similarity  Experiment

Biological Assembly 1 © 5XRS8

Crystal structure of the human CB1 in complex with ago
DOI: 10.2210/pdb5xr8/pdb

FASTA Sequence

PDB Format

PDB Format (Header)

Classification: SIGNALING PROTEIN

Deposited: 2017-06-07 Released: 2017-07-12

Deposition author(s): Hua, T., Vemuri, K., Nikas, P.S., Laprairie, R.B., Wi , Shan, J., Ho,
J.H., Han, G.W., Ding, K., Li, X., Liu, H., Hanson, M.A., Zhao, S., Bohn,L mmCIF Format (Header) }, R.C., Liu,
ZJ.

Organism: Desulfovibrio vulgaris | Homo sapiens

Expression System: Homo sapiens

mmCIF Format

Mutation(s): 5

Experimental Data Snapshot wwPDB Validation © 3D Report  Full Report

Method: X-RAY DIFFRACTION Metric Percentile Ranks Value

Resolution: 2.95 A Riree 0 s— 252
@ View in 3D: NGL or JSmol (in Browser) R-Value Free: 0.274 Clashscore IE— I —

R-Value Work: 0.255 Ramachandran outliers IS o
Standalone Viewers

Sidechain outliers IE— o

Simple Viewer Protein Workshop RSRZ outliers S— 0%

Ligand Explorer - Kiosk Viewer

assembly 1 by PISA

Macromolecule Content
Crystal structures of agonist-bound human cannabinoid receptor CB1
Hua, T., Vemuri, K., Nikas, S.P., Laprairie, R.B., Wu, Y., Qu, L., Pu, M., Korde, A., Jiang, S., Ho, J.H., Han,
G.W., Ding, K., Li, X., Liu, H., Hanson, M.A., Zhao, S., Bohn, L.M., Makriyannis, A., Stevens, R.C., Liu, Z.

« Unique protein chains: 1

(2017) Nature 547: 468-471

HETATM 3330 C9 FMN A1201 -41.100-107.688 243.950 1.00104.42 c
HETATM 3331 C9A FMN A1201 -41.861-107.026 244.907 1.00104.23 <
HETATM 3332 NI10 FMN A1201 -41.323-106.637 246.150 1.00106.27 N
HETATM 3333 C10 FMN A1201 -42.084-105.942 247.059 1.00103.91 c
HETATM 3334 C1' FMN A1201 -39.934-106.982 246.482 1.00111.98 c
HETATM 3335 C2' FMN A1201 -39.803-108.332 247.178 1.00116.67 c
HETATM 3336 02' FMN A1201 -40.592-108.352 248.368 1.00118.84 o
HETATM 3337 C3' FMN A1201 -38.342-108.608 247.537 1.00117.59 c
HETATM 3338 03' FMN A1201 -37.653-109.021 246.362 1.00110.63 o
HETATM 3339 C4' FMN A1201 -38.192-109.700 248.597 1.00122.32 c
HETATM 3340 04' FMN A1201 -36.855-109.703 249.099 1.00123.68 o
HETATM 3341 C5' FMN A1201 -38.569-111.076 248.092 1.00125.45 c
HETATM 3342 05' FMN A1201 -38.536-111.992 249.206 1.00126.52 o
HETATM 3343 P FMN A1201 -38.423-113.582 249.070 1.00118.69 P
HETATM 3344 OLP FMN A1201 -39.471-114.088 248.141 1.00111.49 o
HETATM 3345 O2P FMN A1201 -38.558-114.135 250.494 1.00114.43 01-
HETATM 3346 O3P FMN A1201 -37.006-113.878 248.581 1.00117.28 o1-
HETATM 3347 C1 8D0 A1202 -42.678-157.964 308.565 1.00 90.95 c
HETATM 3348 C2 8D0 A1202 -42.185-157.808 307.250 1.00 98.68 c
HETATM 3349 C3 8DO A1202 -41.225-158.728 306.787 1.00 94.79 c
HETATM 3350 C4 8D0 A1202 -40.767-159.781 307.599 1.00 89.59 c
HETATM 3351 C5 8DO A1202 -41.266-159.937 308.922 1.00 85.94 c
HETATM 3352 N1 8D0 A1202 -49.883-159.610 305.995 1.00 81.39 N
HETATM 3353 C10 8D0 A1202 -40.860-162.472 309.213 1.00 96.19 c
HETATM 3354 C11 8D0 A1202 -40.386-163.598 310.154 1.00 97.07 c
HETATM 3355 C12 8DO0 A1202 -41.153-163.564 311.492 1.00 93.82 c
HETATM 3356 C13 8D0 A1202 -41.128-162.161 312.122 1.00 89.63 c
HETATM 3357 C14 8DO A1202 -40.513-164.953 309.434 1.00 96.61 c
HETATM 3358 C15 8D0 A1202 -40.887-158.894 312.040 1.00 84.60 c
HETATM 3359 C16 8D0 A1202 -43.037-159.836 312.927 1.00 79.15 c
HETATM 3360 C17 8DO A1202 -42.646-156.676 306.315 1.00101.71 c
HETATM 3361 C18 8D0 A1202 -43.870-157.135 305.473 1.00100.83 c
HETATM 3362 C19 8D0 A1202 -41.528-156.222 305.351 1.00 99.49 c
HETATM 3363 C20 8DO A1202 -43.035-155.439 307.155 1.00101.39 c
HETATM 3364 C21 8D0 A1202 -45.148-157.478 306.270 1.00102.24 c
HETATM 3365 C22 8D0 A1202 -46.437-157.247 305.470 1.00105.85 c
HETATM 3366 C23 8D0 A1202 -46.680-158.341 304.420 1.00104.32 c
HETATM 3367 C24 8DO0 A1202 -48.121-158.874 304.455 1.00 98.97 c
HETATM 3368 C25 8D0 A1202 -48.463-159.601 305.766 1.00 92.44 c
HETATM 3369 C6 8DO A1202 -42.235-159.011 309.392 1.00 83.40 c
HETATM 3370 C7 8D0 A1202 -40.823-161.065 309.859 1.00 92.80 c
HETATM 3371 C8 8D0 A1202 -41.720-161.149 311.119 1.00 92.27 c
HETATM 3372 C9 8D0 A1202 -42.113-159.763 311.692 1.00 84.95 c
HETATM 3373 01 8DO A1202 -42.791-159.059 310.652 1.00 79.91 o
HETATM 3374 02 8D0 A1202 -40.569-164.744 308.038 1.00 92.58 o
HETATM 3375 03 8DO A1202 -39.835-160.613 307.049 1.00 93.50 o
HETATM 3376 C1 CLR A1203 -51.283-139.354 312.194 1.00104.94 c
HETATM 3377 C2 CLR A1203 -51.296-137.964 311.555 1.00106.12 c
HETATM 3378 C3 CLR A1203 -52.374-137.926 310.475 1.00111.00 c
HETATM 3379 C4 CLR A1203 -53.740-138.044 311.153 1.00109.48 c
HETATM 3380 C5 CLR A1203 -53.772-139.350 311.932 1.00108.48 c
HETATM 3381 C6 CLR A1203 -54.886-140.019 311.945 1.00105.75 c
HETATM 3382 C7 CLR A1203 -55.015-141.395 312.535 1.00103.28 c
HETATM 3383 C8 CLR A1203 -54.037-141.599 313.700 1.00102.53 c
HETATM 3384 C9 CLR A1203 -52.637-141.114 313.309 1.00103.50 c
HETATM 3385 C10 CLR A1203 -52.633-139.664 312.854 1.00104.07 c
HETATM 3386 CI11 CLR A1203 -51.651-141.330 314.453 1.00103.39 c
HETATM 3387 C12 CLR A1203 -51.567-142.817 314.829 1.00102.10 c
HETATM 3388 C13 CLR A1203 -52.957-143.374 315.166 1.00102.64 c
HETATM 3389 Cl14 CLR A1203 -53.901-143.093 313.957 1.00103.60 c

(Figure 23)
Use the RSCB PDB to obtain the coordinates for ZDG. They will be under the PDB Format

section. Use the coordinates after choosing a center atom. The coordinates for placement are
highlighted in blue.
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Swiss Institute of Molecular
Bioinformatics Mogeling Group

SwissDock

Home. Target Database

‘Submit Docking

Command Line Access Help Forum Contact

Help

Swiss Instituteof  Molecular
Bioinformatics: Mooeling Group

SwissDock

Home Target Database SubmitDocking | Command Line Access Help Forum Gontact

Target selection Help

(Figure 24)
Upload the edited STGZ for dock along with
the recreated ligand ZDG. Place the
coordinates obtained from Figure 22 into the

extra parameters and set the box size to 5x5x5.

(Figure 25)

Upload the edited STGZ for dock along with
the recreated ligand ZDG. Place the
coordinates obtained from Figure 22 into the
extra parameters and set the box size to

5x5x%5.

5. Once docking is completed we will view the results in Chimera to see if they

made sense. This will be done by taking our results and superimposing them over

the crystal-structure-ligand. We will then generate a protein pocket for the crystal

structure ligand and ours and superimpose the two. The protein pocket should be

approximately 3.7 A after selecting the ligand. If the crystallized cannabinoid and

the docked results of the recreated cannabinoid superimpose well (90%+ in

accuracy), it ensures that the first half of our proof of concept is correct. The

second half is to view the pocket and see if the amino acids that generate this

pocket are the same. The experimental pocket amino acid residues should match

the known protein pocket amino acid residues. Once both are confirmed it means

our proof of concept is correct which gives us confidence to move forward with

the rest of the experiment.

6. Once the proof of concept is correct, we will continue with the same procedure

for the designed cannabinoids listed in Figure 6. Again the antagonist binding

cannabinoids will enter the antagonist From there we will choose which
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cannabinoid superimposes the best (90%+ in accuracy) to use for our recorded

data. We will record the unknown AG and compare it to the known IC50 value

stated in Figure 6 as well. The reason for this is that a more negative AG value

means the cannabinoids binds better to the receptor. A lower IC50 value means

that less of a cannabinoid is required to induce effects. These numbers should

correlate, meaning that if a known IC50 value is low, it should have a more

negative AG value.

7. After Step 6 the next step is to generate a protein pocket for each cannabinoid to

compile the amino acid residue interactions. The pocket should be the same

experimental size as crystallized cannabinoid pocket that was previously

generated in Step 5.

8. Once generated we would compile the list of amino acid residues and compare

them to all of the rest of the experimental pocket residue interaction and the

crystallized pocket formed. We will record which amino acid residues that each

antagonist/inverse agonist share, and which are different that are responsible for

their unique effects (Figure 26). The same will be done for the agonists (Figure

27). After compiling all the data for antagonists/inverse agonists and agonists, we

will then compare and contrast the two and record the data (Figure 8).

ANTAGONIST 5TGZ Residue List

AGONIST 5XR8 Residue List

List used to record amino acid residues for all

antagonist/ inverse agonist cannabinoids used
in experiment. The residues shared are listed
in pink, the unique ones are listed in purple.

ZDG Rimonabant Taranabant CBD 8D0 AEA CBN THC
Same Same Same Same Same Same Same Same
Same Same Same Same Same Same Same Same
Same Same Same Same Same Same Same Same
Same Same Same Same Same Same Same Same
Unique Unique Unique Unique Unique Unique Unique Unique
Unique Unique Unique Unique Unique Unique Unique Unique
(Figure 26) (Figure 27)

List used to record amino acid residues for all
agonist cannabinoids used in experiment. The
residues shared are listed in blue, the unique
ones are listed in purple.

At this point our research is completed. This provides the theoretical protocol for anyone

who is interested in manufacturing cannabinoids to treat medical ailments. If one were to

synthesize a cannabinoid to put to market, they would use this protocol to see if a cannabinoid

bound as an antagonist/inverse agonist or an agonist. The AG value would theorize if a

compound binds and interacts with the receptor well which would help if no IC50 value is

known. The amino acid residue sheet should be looked at as a guideline. If a cannabinoid were to

be an antagonist/inverse agonist or agonist, there would be an expected interaction of the amino

acid residues list in the chart, with some minor additions or subtractions.
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Results and Discussion:

Proof of Concept for Antagonist/ Inverse Agonist CB1 Receptor-Ligand
Complex STGZ:

The proof of concept was conducted during Step 5 of the experiment. The point of the
proof of concept is to ensure our process is correct. Our proof of concept for the antagonist/
inverse agonist begins with the SwissDock results. The results from the SwissDock program
showed us the different conformations listed in figure. This will tell provide us a list of all the
possible. Confirmations that are within the docking of the recreated ligand into the receptor. It
will also show us the energetic favorability represented in the AG value (Figure 28).

Predicted binding modes for your request SG_5tgz_ZDG
This page remains accessible one week after the docking completion. - review parameters

The SwissDock forum can help you understand the docking outcome.

i Estimated
Show Cluster Element i::;l:;/t:li?)s o
(kcal/mol) ~

0 0 -1986.86 —Q.D
3 2 -1958.35 -9.36
3 0 -1960.20 -9.21
4 0 -1958.77 -9.20
1 2 -1970.35 -9.20
1 1 -1970.46 -9.20
1 0 -1970.50 -9.20
3 3 -1955.52 -9.10
4 1 -1958.66 -9.08
5 1 -1956.89 -9.07
3 1 -1959.44 -9.07
5 0 -1957.43 -9.06
13 1 -1943.54 -8.89
1 3 -1958.04 -8.88
7 0 -1948.64 -8.87
13 2 -1941.11 -8.80
7 2 -1941.00 -8.77
6 2 -1942.57 -8.72
6 0 -1948.94 -8.72

Figure 28
The recreated STGZ protein receptor used for docking can be observed on the left. The
recreated molecule ZDG can be seen within the receptor highlighted in green. On the right is
the list of different conformations that recreated ZDG takes within the receptor. Circled in red
is the ligand complex chosen for this research purpose.
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After obtaining this we then open our results in Chimera and begin to superimpose the
crystal structure pocket saved, to our confirmation results. The list of different confirmations will
be in the Chimera program and open a seperate box when using the system. We then choose best
docked pose that superimposes over the crystal structure. When doing this we will follow the
instructions in Step 5 by creating the pocket to observe the amino acid residue interaction. For
the case of ZDG, the ligand is a long greasy chain that has hydrophobic interactions with the
surrounding residues.

THR 197.A

£ =y

’ VAL 196.A
u ( -

VIET 3634 M CYS386A
= LE 35
~ 2

! ' PHE174.A
i

(Figure 29) (Figure 30)
The best docked pose of the recreated ZDG The pose of the crystal ZDG ligand.
ligand.

As seen in Figure 29 above, this is the best docked posed for the recreated ZDG, and does
indeed have hydrophobic interaction with the protein pocket. When compared to the crystal
structure both contain a very similar “Y” shape that is seen. When the two are superimposed the
docked results have over a 90% similarity to the corresponding molecule structurally. There are
some slight differences in arm that contains the nitro compound being the rotation of the ring
(Figure 31).
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ol
o M

\

/AL 196

- MET 355 A

‘)LE‘M

[

(Figure 31)
When superimposed the docked molecule has over a
90% similarity to the corresponding crystal structure.

When we placed the cannabinoid into the pocket the amino acid residue interaction was

exactly the same. This means that our proof of concept for the STGZ antagonist/ inverse agonist

receptor-ligand complex site is correct. The protein pocket similarities can be observed in Figure

32 and the amino acid residue list in Figure 33.

ZDG Recreated ZDG

THR 197 THR 197

SER 383 SER 383

CYS 386 CYS 386

PHE 170 PHE 170

PHE 174 PHE 174

VAL 196 VAL 196

MET 363 MET 363

LEU 359 LEU 359

ILE 105 ILE 105

MET 103 MET 103

PHE 102 PHE 102

MET 384 MET 384

ALA 380 ALA 380

PHE 379 PHE 379

PHE 268 PHE 268

LEU 193 LEU 193

TRP 356 TRP 356

GLY 166 GLY 166

LEU 387 LEU 387

SER 167 SER 167
(Figure 32) (Figure 33)

The protein pocket is the same along with the | The list of the amino acid residues to ensure
amino acid residues that forms it. that the proof of concept is correct
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Rimonabant 5STGZ:

The first cannabinoid selected for testing was the antagonist/ inverse agonist Rimonabant.
Rimonabant is cannabinoid that was originally synthesized to combat obesity!'®). While it did
indeed have the onset effects of inducing appetite suppression and ensuring weight loss by
targeting the CB1 receptor it was pulled off the shelves. The reason being is that the adverse
effects were too severe causing a number of patients to commit suicide!**,

SwissTargetPrediction report:

Reference: Frequency of Target Class

Gfeller D., Michielin O. & Zoete V.
Shaping the interaction landscape of
bioactive molecules, Bioinformatics

(2013) 29:3073-3079.

Uniprot  Gene £ sk
Target L ChEMBL ID Probability cmpds (3D Target Class
D code o

Gannabinoid receptor 1 peisse  onmi CHEMBL2ts  [INNNINNNINNN] toto/ges Membrane
receptor

Gannabinoid receptor 2 Pugz | onmz | CHEMBL2S3 [T 541/438 Membrane
receptor

Potassium voltage-gatedchanmel  iy0 | yonwz | CHEMBL240  [IINDNNNN]|  58/15  lon channel

subfamily H member 2

Potassium voltage-gated channel

subfamily H member 6 (by H2E2 | KONHE [ ] 53/15 lonchannel

homology)

Potassium voltage-gated channel

subfamily H member 7 (by QoNS40 | KONHT [ ] 3/15 lonchamnel

homology)

Translocator protein Pasas  TSPO  CHEMBLS742 [ | 222/20 Unclassified
Membrane

Mu-type opioid receptor CHEMBL233 N/ or

Delta-type opioid receptor (by = - Membrane

ot ) 41143 OPRD1 CHEMBL236 30/37 receptor

Kappa-type opioid receptor (by " 5 . Membrane

ot v 41145 OPRK1 CHEMBL237 29/37 receptor

Nociceptin receptor pattes | osRLI | CHEMBL2ota [N | 2e/ay Memorane
receptor

Translocator protein 2 (by .

asTl0 | TSPo2 2/1  Unclassified

‘homology)

; n ; Membrane
5-hydroxytryptamine receptor 1A ossos  wR1A CHEMBLzt4 [ ] 2/t O o
5-hydroxytryptamine receptor 1B i e CHEMBL1898 I:l 2171 Membrane
(by homology) receptor
Microtubule-associated proteintau ~ P10s36  MAPT CHEMBL1293224 [ | | 822/17 Unclassified
Prostaglandin G/H synthase 1 p2szie  piGst  CHEMBL22t [ | 127/76 Enzyme

(Figure 34)
The SwissTargetPrediction showing Rimonabant does have high probability to interact with
the CB1 receptor.

Following the procedure when Rimonabant was inserted into the SwissTargetPrediction
program the molecule showed high probability to interact with the CB1 receptor (Figure 34).
This allowed for us to move forward and place Rimonabant into the same coordinates shown
from Figure 24 and Figure 7.
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(Figure 35) (Figure 36)
Rimonabant best docked pose. Rimonabant and the ZDG crystal structure
superimposed.

Rimonabant is similar to ZDG but doesn’t have the triple bond and nitro group on the one
arm, instead it has a chlorine. When Rimonabant is inserted it forms almost the same “Y”’ shape
we saw before with ZDG (Figure 35). When the two are superimposed there is over 90%
similarity in stance with some slight variations in the rings (Figure 36). Rimonabant interacts
with the same residues with some additions. (Figure 37). All interactions are hydrophobic.
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ZDG RImonabant
THR 197 THR 197
SER 383 SER 383
CYS 386 CYS 386
PHE 170 PHE 170
PHE 174 PHE 174
VAL 196 VAL 196
MET 363 MET 363
LEU 359 LEU 359
ILE 105 ILE 105
MET 103 MET 103
PHE 102 PHE 102
MET 384 MET 384
ALA 380 ALA 380
PHE 379 PHE 379
PHE 268 PHE 268
LEU 193 LEU 193
TRP 356 TRP 356
GLY 166 GLY 166
LEU 387 LEU 387
SER 167 SER 167
ILE 119
SER 123
TYR 275
TRP 279
(Figure 37)

Chart compiled and comparing amino acid residues for Rimonabant to ZDG.
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Taranabant STGZ:

The next molecule chosen for docking was Taranabant, an antagonist/ inverse agonist
cannabinoid synthesized to combat obesity. It also was proven to be able to reduce appetite and
help weight loss but stopped after Phase 3 clinical trials and was taken off the market®. This
also follows something similar to Dr. Stevens project.

SwissTargetPrediction report:

Reference: [ Frequency of Target Class

Gfeller D., Michielin O. & Zoete V.

Shaping the interaction landscape of i
bioactive molecules, Bioinformatics
(2013) 29:3073-3079. i 7"“";‘:"’“"”
) ceptor
-@ - s
Z 1%

Uniprot  Gene i

Target o code  ChEMBLID Probability cmpds (3D Target Class
1 2D)

Gannabinoid receptor 1 Paisse | onmi CHEMBLzie [N 12874 Memorane
receptor

Cannabinoid receptor 2 Pasa72  oNR2 CHEMBL2S3 [ ] 78/4s Membrane
receptor

D(2) doparine receptor Pusts  omoz  CHEMBL2t? [ ] deer1z  Memorane
receptor

Corticosteroid 11-beta-

rlicosteroic 11 Data: Pogess  HMSD1181 CHEMBL423S 67/27  Enzyme

dehydrogenase isozyme 1

Hydroxysteroid 11-beta-

dehydrogenase 1-ike protein (by Qrzsit | HSDUBIL [ ] 727 Enzyme

homology)

Peroxisome proliferator-activated st PPARG | CHEMBLZ35 I:l 31186 Transcription

receptor gamma Factor

Peroxisome proliferator-activated Transcription
e FRARD ore [ ]
receptor delta (by homology) GHEMB LS9 /e Factor

Peroxisome proliferator-activated S PPARA | CHEMBL239 I:l 30/ Transcription

receptor alpha (by homology) Factor

Mutype opioid receptor pesazz orRwi  CHEMBL2BS [0 | av/ee ::i’:;;“r”e
Detta-type opioid receptor Pates orRor  CHEMBLzs [ | av/es :‘:i’:;’:r”e
Kappa-type opioid receptor P41145 oeki CHEMBL2a7 [ | as/29 ::ir::‘;arne
Nociceptin receptor (by homology)  P4t14s  oPALT GHEMBL2ota [0 | as/29 :‘:i’:;:"e

Shydoxtyplamine recepor 1A Foma | wie CHemBLzie [ ] mia0  eroe®

5-hydroxytryptamine receptor 1B (by patinss LTRis CHEMBLi8S8 l:l 28/40 Membrane
‘homology) receptor

Lysosomal Pro-X carboxypeptidase ~ Paz78s PP CHEMBL2335 [ | 19/3  Serine Protease

(Figure 38)
The SwissTargetPrediction showing Taranabant does have high probability to interact with the
CBI1 receptor.

Following the procedure when Taranabant was inserted into the SwissTargetPrediction
program the molecule showed high probability to interact with the CB1 receptor (Figure 34). In
fact, it showed binding to specifically to cannabinoid receptors, signaling promising results. This
allowed for us to move forward and place Taranabant into the same coordinates shown from
Figure 24 and Figure 7.
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(Figure 39) (Figure 40)
Taranabant best docked pose. Taranabant and the crystal ligand ZDG
superimposed.

Taranabant is similar to the ZDG crystal structure, however there are some obvious

differences. The addition of a tert butyl group attached to the bottom ring, the aromatic center

ring being broken apart, the removal of a chlorine on the di-chloryl ring, and instead of a triple

bond and nitrite group, it has an amide. When superimposed over the crystal ligand ZDG, the

same “Y” shape is observed (Figure 40). Taranabant interacts with all the same residues with the

exception of seranine 167. It also interacts with similar residues to Rimonabant. All interactions

are hydrophobic and the full list can be seen in Figure 41.
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ZDG Rimonabant Taranabant
THR 197 THR 197 THR 197
SER 383 SER 383 SER 383
CYS 386 CYS 386 CYS 386
PHE 170 PHE 170 PHE 170
PHE 174 PHE 174 PHE 174
VAL 196 VAL 196 VAL 196
MET 363 MET 363 MET 363
LEU 359 LEU 359 LEU 359
ILE 105 ILE 105 ILE 105
MET 103 MET 103 MET 103
PHE 102 PHE 102 PHE 102
MET 384 MET 384 MET 384
ALA 380 ALA 380 ALA 380
PHE 379 PHE 379 PHE 379
PHE 268 PHE 268 PHE 268
LEU 193 LEU 193 LEU 193
TRP 356 TRP 356 TRP 356
GLY 166 GLY 166 GLY 166
LEU 387 LEU 387 LEU 387
SER 167 SER 167
HSE 178

SER 123 SER 123

TYR 275

TRP 279

ILE 119

(Figure 41)

Chart compiling and comparing amino acid residues for Taranabant to ZDG with the inclusion
of Rimonabant. The residues they all share are in pink, the residues 8D0 and Rimonabant share
are in purple, the residues Taranabant and Rimonabant share are in orange and the residues

that are unique to Rimonabant and Taranabant are listed in red.




Alb 29

Cannabidiol (CBD) to 5STGZ:

The last molecule chosen for the antagonist/ inverse agonist site was the most famous
antagonist cannabinoid, cannabidiol, or CBD for short. CBD is a cannabinoid that is produced in

391 The phytocannabinoid has been shown

the cannabis plant, labeling it as a phytocannabinoid
to have a variety of medical benefits including treatment in pain', anxiety®™, and cancer®. The
most profound effect is that it CBD has been shown to be a viable treatment for epileptic seizures
in children™. Tt is also widely unknown that CBD, like the other antagonists/ inverse agonists,
acts as an appetite suppressant to combat obesity!'?.. This cannabinoid is currently in a legal gray
area, and there is a legal movement to have it rescheduled from a Schedule 1 substance to
Schedule 2 because of its benefits®!!. There are many different products sold throughout legal
dispensaries, but the most famous, accurate and widely used is through a tincture. CBD has not
been tested and these are the first published results of the molecule interacting with the CB1

receptor.

SwissTargetPrediction report:

Reference: Query Molecule Frequency of Target Class

Gfeller D., Michielin O. & Zoete V.

Shaping the interaction landscape of
bicactive molecules, Bioinformatics
(2013) 28:3073-3079

Uniprot Gene L
Target {2 ChEMBL ID Probability cmpds (3D  Target Class
ID code
12D)
st o Membrane
Cannabinoid receptor 1 P21554 CNR CHEMBL218 I:l 502/180
receptor
Cannabinoid receptor 2 P34972 CNR2 CHEMBL253 I:l 353/141 Membrana
receptor
G-protein coupled receptor 55 QaveTs GPR55  CHEMBL1075322 I:l 11 Unclassified

Tyrosy-DNA phosphodiesterase 1 cenvuwa  ToP1  CHEMBLIO75138 [ |  114/3 Enzyme

Prostaglandin G/H synthase 1 Faszia  Plest  CHEMBL22t [ | 25/3 Enzyme

Prostaglandin G/H synthase 2 P35354 PTGS2 CHEMBL230 I:l 25/3 Enzyme
Arachidonate 5-ipoxygenase POS917 | ALOXS CcHEMBL215 [ | 18/13 Enzyme
Arachidonate 15-lipoxygenase P160s0  AlOX's  CHEMBL2soa [~ | 18/13 Enzyme
Arachidonate 12-lipoxygenase, 5
18054 ALOX12 CHEMBL3687 I:| 18/13 Enzyme

128-4ype (by homology) Y
Arachidonate (5-ipoxygenase®  Gipe  woxss  oHEMBLas7 [N ] 18/13 Enzyme
(by homology)
Arachidonate 12-lipoxygenase, l:'

O75342  ALOX12B 15/8  Enzyme
12R-type (by homology) Y
Epidermis-type lipoxygenase 3 (by l:l

QoBYJ1 | ALOXE3 18/13  Enzyme
homology) Y

Cholestery| ester transfer protein P11587 CETP CHEMBL3572 I:l 4/2 Secreted

Vascular endothelial growth factor = ; ’

receptor 1 (by homology) P17948 FLT CHEMBL1868 75/10  TyrKinase

Vascular endothelial growth factor 5

receptor 3 (by homology) P35916 FLT4 CHEMBL1955 74/10  TyrKinase
(Figure 42)

The SwissTargetPrediction showing CBD does have high probability to interact with the CB1
receptor.
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f THRZQIA
= )\ \\,\
o, o

HSE 178

(Figure 43) (Figure 44)
CBD best docked pose. CBD and the crystal ligand ZDG
superimposed.

Cannabidiol looks much different than the rest of the antagonists/ inverse agonists. It is
shaped similarly to THC, with the exception being an ether formed instead of an alcohol group
on the isopropyl constituent located on the top ring. When viewed in the Chimera program, it
formed a “Y” shape in the pocket similar to the other antagonists/ inverse agonists (Figure 43).
There are some major differences when compared to the ligand ZDG. Its three arms consist of an
isopropyl group, a pentyl group, and a methyl group. They both do contain a center ring,
however CBD’s ring is a 6 membered aromatic ring. When superimposed over ZDG, both
interact in the same pocket with the same residues. CBD interacts with the same residues in the
same 3.7 A pocket formed as ZDG, showing a 90% similarity to the corresponding crystal
structure (Figure 44). The residue list is shown in Figure 45 and compared to all the other
cannabinoids chosen for this experiment.

This helps us come to the conclusion of why CBD acts the way it does. The cannabinoid,
like all other antagonists, forms a “’Y”” shape when it enters the pocket. The “Y” shape then forms
a surface the prevents any agonist binding cannabinoids from interacting with the protein pocket.
This helps conclude that the reason for why when you ingest CBD before THC you do not
experience the same psychoactive effects associated with THC.
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ANTAGONIST 5TGZ Residue List

ZDG RImonabant Taranabant CBD
THR 197 THR 197 THR 197 THR 197
SER 383 SER 383 SER 383 SER 383
CYS 386 CYS 386 CYS 386 CYS 386
PHE 170 PHE 170 PHE 170 PHE 170
PHE 174 PHE 174 PHE 174 PHE 174
VAL 196 VAL 196 VAL 196 VAL 196
MET 363 MET 363 MET 363 MET 363
LEU 359 LEU 359 LEU 359 LEU 359
ILE 105 ILE 105 ILE 105 ILE 105
MET 103 MET 103 MET 103 MET 103
PHE 102 PHE 102 PHE 102 PHE 102
MET 384 MET 384 MET 384 MET 384
ALA 380 ALA 380 ALA 380 ALA 380
PHE 379 PHE 379 PHE 379 PHE 379
PHE 268 PHE 268 PHE 268 PHE 268
LEU 193 LEU 193 LEU 193 LEU 193
TRP 356 TRP 356 TRP 356 TRP 356
GLY 166 GLY 166 GLY 166 GLY 166
LEU 387 LEU 387 LEU 387 LEU 387
SER 167 SER 167 SER 167
HSE 178 HSE 178

SER 123 SER 123

TYR 275

TRP 279

ILE 119

(Figure 45)

Chart compiling and comparing amino acid residues for CBD to ZDG with the inclusion of
Rimonabant and Taranabant. The residues they all share are in pink, the ones unique to ZDG,
Rimonabant, and CBD are in purple, the residues unique for Taranabant and CBD are in green,
the residues that Rimonabant and Taranabant share are in orange and the residues unique to
Rimonabant are in red.
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Antagonist/Inverse Agonist Receptor-Ligand Complex STGZ Results:

In conclusion of the antagonists/inverse agonists we can successfully say that any
antagonist/ inverse agonist interacts with the CB1 receptor in a similar fashion. Each will form a
“Y” shape and interact with the same protein pocket. The AG values are all very similar and
coincide with the IC50 values (Figure 46). The only AG value slightly less negative was CBD
because it is smaller molecule. After compiling all the residues and comparing and contrasting
them, we were able to gather the list that all antagonist/ inverse agonist cannabinoids make
contact with (Figure 47).This list will later be compared to the agonist cannabinoid residue
interaction to distinguish which residues are responsible for the unique function of an antagonist/
inverse agonist cannabinoid.

5TGZ

Ligand Type IC50 Value (pM ) A G Value (kcal/mol)
ZDG Antagonist Unkown -9.96
Rimonabant Inverse Agonist Unknown -9.83
Taranabant Antagonist 0.00030 -9.26 agoniSt cannabinoids.
CBD Antagonist 2.00 -8.28

(Figure 46)
The AG values compared to the
IC50 of the antagonist/ inverse

Antagonist
THR 197
SER 383
CYS 386
PHE 170
PHE 174
PHE 268
VAL 196
LEU 193
PHE 102 (Figure 47)

PHE 379 The residues that each antagonist/ inverse
MET 103 agonist share.

MET 363
MET 384
TRP 356
SER 167
ILE 105
LEU 359
LEU 387
GLY 166
ALA 380
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Proof of Concept for Agonist CB1 Receptor-Ligand Complex SXRS8:

Our proof of concept for the agonist CB1 receptor-ligand complex SXR8 began with the
replication of docking the crystal structure ligand 8D0. The results for such can be seen below.
It is important to note that we took an aerial picture to better observe the interaction of the ligand
and the pocket it forms. Figure 48 and 49 is our replicated docking, Figure 50 and 51 is the
crystal structure ligand. For the purpose of imagery, some of the residues have been removed,
however the known residue interaction will be listed in Figure 55 in completion.

PHEA70

SlR 383

PHE 379

LEUA93

LEU 193

\ VAL 196

T~
(Figure 48)
The best docked pose (lateral view). The (Figure 49)
recreated 8DO0 ligand is observed in blue, the The best docked pose (aerial view).

residues in gray. The hydrogen bond between
the alcohol group and SER 383 can be
observed in red.
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4 OBER 383.A . PHE 170.A

Sal SER.383.A
. Q?HE 268.A
{

A ;I‘ l\

PHE266.A

\
(Figure 50)
The crystal ligand (lateral view). The crystal
structure ligand is observed in a ball-and-stick (Figure 51)
form and is a tan color. The residues are also The crystal ligand (aerial view).

tan, but are smaller and surround the
ball-and-stick structure. The hydrogen bond
between the alcohol group and SER 383 can
be observed in blue.

When we superimpose the two we observe how the amino acid residue interaction is the
same along with the pocket they reside in (Figures 52,53, and 54).
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~E_ggnagaa
PHE 268.A

PHE 170.A

LEU 193

VAL 196

(Figure 52)

The replicated docked 8D0
superimposed over the crystal
structure (lateral view).The
hydrogen bond between the
alcohol group and SER 383
can be observed in blue for the
crystal ligand and yellow for
the replicated results.

(Figure 53)
The replicated docked 8D0
superimposed over the crystal
structure (aerial view).
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\

/ HSE 178
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|

)
THR 201

4 / ‘ / P :

gm

\ / PHE 17
/xf

THR 197
THR 197+

(Figure 54)
The replicated docked 8DO0
superimposed over the crystal
structure residing in the pocket
(aerial view).

This pocket appears to form an “L” like shape. The pocket interaction shows how there is
a single hydrogen bond between the alcohol group (#0 8D0 1202.A O2) and seranine 383. The
rest of the interactions within the pocket are strictly hydrophobic because it is a long greasy

chain. Overall there is over a 90% similarity with our docked replication results to the crystal

structure itself. When we compiled and compared the residue interaction they were exactly the

same (Figure 55). These results give mean that the proof of concept for the agonists is correct

and gives us confidence with moving forward with the rest of the experimental agonists.
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Docked 8D0
THR 197
SER 383
CYS 386
PRE 1¢¢
PHE 268
LEU 193
PHE 38
TRP 279
VAL 196
SER 173
PHE 170
PHE 174
ILE 267
PHE 108
LEU 359
PRO 269
HSE 178
PHE 189
LEL} 276
ILE 271
TYR 275
TRP 356
MET 363
ALA 380
PHE 200
LYS 192
THR 201

Crystal 8D0
THR 197
SER 383
CYS 386
PHE 177
PHE 268
LEU 193
PHE 379
TRP 279
VAL 196
SER 173
PHE 170
PHE 174
ILE 267
PHE 108
LEU 359
PRO 269
HSE 178
PHE 189
LEU 276
ILE 271
TYR 275
TRP 356
MET 363
ALA 380
PHE 200
LYS 192
THR 201

(Figure 55)

The compiled residue list showing
that the residues the docked results
interact with and the crystal structure
ligand interact with are the same.
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Anandamide (AEA) SXRS:

The first agonist binding cannabinoid chosen for this experiment was anandamide (AEA).
It has been named the “bliss” molecule because it is an endogenous cannabinoid that binds to the
CBI1 receptor the same way that THC does?®”. What this means is that this cannabinoid that your
body naturally produces interacts and produces the same “bliss” or “joyous” sensation you feel
as THC does when you consume it. Incredibly, this molecule is responsible for the “runner’s
high” sensation you feel after long workouts?®*!. It is the molecule your body produces naturally
to attain homeostasis and balance, hence its nickname. It is important for this research to
understand how exactly anandamide binds to the CB1 receptor to understand how an endogenous
agonist interacts within the protein pocket formed.

SwissTargetPrediction report:
Reference:

Gfeller D., Michielin O. & Zoete V.

Proteass|

Shaping the interaction landscape of % [Membrana receptor|
bioactive molecules, Bicinformatics e Gt
(2013) 29:3073-3079. T""‘"“:;:" thaiad

=

Enzyme other |
AT
L
Uniprot Gene # sim.
Target IE ChEMBL ID Probability cmpds (3D  Target Class
code

/2D)
Cannabinoid receptor 1 potsss | owar  GHEMBL218 [ | 961/1g7 Membrane
receptor
Cannabinoid receptor 2 P34972 GNRz  CHEMBL253 l:—l 2997105 Membrane
receptor
Fatty-acid amide hydrolase 1 000519 FAAH  CHEMBL2243 I:I 44/40 Enzyme

Transient receptor potential cation
channel subfamily V member 1 (by QBNER1 TRPVI  CHEMBL4794 I:l 14/16  lon channel
homology)

Peroxisome proliferator-activated I:l Transcription
receptor gamma (by homology) P37231 PPARG  CHEMBL235 8/4 Factor
Peroxisome proliferator-activated _— cPARA  GHEMBL239 |:| 8/4 Transcription
receptor alpha Factor
Peroxisome proliferator-activated l:l Transcription
receptor delta. (by Aomology) Q03181 PPARD  CHEMBL3979 8/4 Factor

Monoglyceride lipase (by homology) ~ Q99685 MGLL  CHEMBLatet [ |  9/5  Enzyme
Corticosteroid 11-beta-

dehydrogenase isozyme 2 (by PBO365 HsDi1B2 CHEMBL3746 l:l 7/8 Enzyme

homology)

Thromboxane A2 receptor p21731 TBXA2R  CHEMBL2069 :l 5/2 Mermitkane
receptor

Lipid-phosphate phosphatase P34913 EPHxz  CHEMBL2409 [ | 38/15 Serine Protease

Cotioostanid]1heta: Pessss  HMsD1IBI CHEMBL4zas [ | 61/5 Enzyme

dehydrogenase isozyme 1

Hydroxysteroid 11-beta-

dehydrogenase 1-like protein by Q7zsil | HSD11BIL [ eois  Enzyme

homology)

Cholinesterase P0B276 BCHE  CHEMBL1914 :l 48/6 Enzyme

Acetylcholinesterase P22003  ACHE CHEMBL220 [ |  48/6 Enzyme

(Figure 56)

The SwissTargetPrediction showing AEA does have high probability to interact with the CB1
receptor.
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The first step was to follow the protocol and insert the cannabinoid into the
SwissTargetPrediction (Figure 56). This tool informed us that AEA did indeed have high
probability to bind to the CB1 receptor which allowed us to move forward with the docking of
AEA in the SwissDock program. When docked it did form a similar “L” shape to that of 8D0
(Figure 57 and 58). Some of the residues have been removed for the purpose of obtaining a
clearer image. The full residue list can be seen in Figure 61.

SER 383 FEU 359

PHEA70

LEU 193

=
PHE 174 m

\

(Figure 57)
The best docked pose of AEA (lateral view).
AEA 1is observed in blue, the residues are in

gray.

(Figure 58)
The best docked pose of AEA (aerial view).
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LEU 3

LEU 359

LA
%EH 383.A
E 268.A

. =l 4 PHE 170.A %
= ; LEY 193/
( PHE 174 \—‘
@ |

(Figure 59) (Figure 60)
AEA and the crystal structure 8D0 AEA and the crystal structure 8D0
superimposed (lateral view). superimposed (aerial view).

AEA is a long, greasy chain so obvious differences will be noticed when comparing it to
8D0. When the two were superimposed they both lie in the same pocket and interact with the
same residues, with some additions to AEA because it is a larger cannabinoid compared to 8DO0.
There is no hydrogen bond between AEA and seranine 383 because it lacks the alcohol group on
that part of the chain. The AEA carbon chain also fits the very end of the pocket similar to how
the amine chain does in 8D0 forming that bend that gives the distinct “L” shape. Overall it
superimposes with over a 90% similarity to the corresponding crystal structure ligand 8D0
(Figures 59 and 60). What this tells us is that the endogenous cannabinoid, interacts similarly to
the synthetic cannabinoid.
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8D0 AEA
THR 197 THR 197
SER 383 SER 383
CYS 386 CYS 386
PHE 177 PHE 177
PHE 268 PHE 268
LEU 193 LEU 193
PHE 379 PHE 379
TRP 279 TRP 279
VAL 196 VAL 196
SER 173 SER 173
PHE 170 PHE 170
PHE 174 PHE 174
ILE 267 ILE 267
PHE 108 PHE 108
LEU 359 LEU 359
PRO 269 PRO 269
HSE 178 HSE 178
PHE 189 PHE 189
ALA 380 ALA 380
PHE 200 PHE 200
TRP 356 TRP 356
LEU 276 LEU 276
ILE 274 ILE 271
TYR 275 TYR 275
MET 363 MET 363
LYS 192 LYS 376
THR 201

(Figure 61)

The full compiled residue list of AEA compared to 8D0. The ones they share are listed in blue,
the unique residues for AEA are listed in purple.

After observing the residues interaction the list was compiled to identify the key residues

that interact with AEA. This residue sheet was then compared to 8D0 to observe the similarities

and differences. AEA is a longer chain which interacts with the residue lysine 376. 8DO0 is a long

chain, but not as long. The dimethyl constituent on adjacent to the ther is what is is responsible

for the interaction with lysine 192 and threonine 201. The list can be seen in Figure 61.
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Cannabinol (CBN) 5XRS:

The next agonist cannabinoid chosen for docking was the phytocannabinoid agonist
binding cannabinoid cannabinol (CBN). CBN is a derivative of THC and has been widely
studied by the scientific community. CBN has shown to treat ailments such as insomnial®?,
pain!, and cancer”*). Currently CBN is only available in a very limited number of legal medical
cannabis states and only a few companies are known to produce it. It is reported that this
cannabinoid does induce a psychoactive effect similar to ingestion of THC, but has its own
unique effects in treatment. CBN has never had published test results before so this will be the

first known images of CBN interacting with the CB1 receptor.

SwissTargetPrediction report:

Reference: Frequency of Target Class
Gieller D., Michielin O. & Zoete V.
Shaping the interaction landscape of
bioactive molecules, Bioinformatics
(2013) 29:3073-3079.

Transcripiion Factar]
0%

Uniprot Gene & 9,
Target P ChEMBL ID Probability cmpds (3D  Target Class
D code
12D)
Gannabinoid receptor 1 Potsse | onat  CHEMBL218 | [ 4es/ep Memorane
receptor
Cannabinoid receptor 2 Paoz | ovez | CHEMBL2s3 | [N  o14/es Membane
receptor
Estrogen receptor P03372 ESR1 CHEMBL208 I:l 15/53 Transcription
Factor
Estrogen receptor beta Qo2731 ESR2 CHEMBL242 I:l 15/53 l‘;ﬁsfnmmn
. Membrane
D(2) dopamine receptor Presis  DAD2  CHEMBL217 [ ] 238/4
receptor
Sigma non-opioid intracellular S SaMART CHEMBL287 l:l 103/2 Membrane
receptor 1 receptor
Glucocorticoid receptor PO4150 | NRICT  CHEMBL203s [ | 50/145 :;‘:if”mm
m”e"abf’j’“‘“id receptor (by Posas | nmace | CHEMBL19®4 [0 | 50/145 :;i':;f”p“c'"
Progesterone receptor POB401 PGR CHEMBL208 I:I 441142 'll:‘;l:z::npmn
Microtubule-associated proteintau 210636 MAPT  CHEMBL1283224 [ | 261/4 Unclassified
Androgen receptor Pozzs | an | CHEMBLte7t [ | 2s/4g  Lranscrieton
Factor
Tyrosyl-DNA phosphodiesterase 1 Genuws  ToPt CHEMBL1075138 [ | 104/5 Enzyme
Arachidonate 5-ipoxygenase Possi7  Aoxs  CHEMBL2ts [ | 28/15 Enzyme
Arachidonate 15-lipoxygenase (by
P16050 ALOX1s  CHEMBL2903 I:| 28/15 Enzyme
homology) Y
Arachidonate 12-lipoxygenase, =
A2S P VTN CHEMBL3687 28/15 Enzyme

(Figure 62)
The SwissTargetPrediction report shows CBN has high probability to interact with the CB1
receptor.
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When CBN was inserted into the SwissTargetPrediction it showed that the molecule had
highest probability to bind to the CB1 receptor. This cannabinoid had the best results of the
experimental agonists sent in for testing, interacting with only CB1 and CB2 receptors. This tells

us that when ingested this cannabinoid should have very little side effects.
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(Figure 63) (Figure 64)
The best docked pose of CBN (lateral view). The best docked pose of CBN (aerial
CBN can be seen as a blue and red stick. The view).
amino acid residues are gray wires and labeled
accordingly.

When viewing in the Chimera program, CBN interacts in a similar form that 8D0 does

forming an “L” shape within the protein-pocket it forms (Figure 63 and 64). It interacts with

similar residues to 8D0, some aren’t shown for image purposes but a full list can be found in

Figure 67.
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(Figure 65) (Figure 66)
CBN and the crystal structure ligand 8D0 CBN and 8DO0 superimposed lying in the same
superimposed lying in the same pocket pocket (aerial view).

(lateral view).

When the two are superimposed there are some slight differences but overall the
molecules are extremely similar. CBN contains an alcohol group (#1.1 Lig 1 O) on the third ring
that is within hydrogen bond distance to seranine 383 even though it is not shown. The pentyl
constituent adjacent to the alcohol group on the ring also follows the same bend that the amine
constituent on 8D0 does, forming that “L” like shape. Overall there is over a 90% similarity in
the docking of CBN when compared to the crystal structure ligand.
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8D0 AEA CBN
THR 197 THR 197 THR 197
SER 383 SER 383 SER 383
CYS 386 CYS 386 CYS 386
PHE 177 PHE 1%7 PHE 177
PHE 268 PHE 268 PHE 268
LEU 193 LEU 193 LEU 193
PHE 379 PHE 379 PHE 379
TRP 279 TRP 279 TRP 279
VAL 196 VAL 196 VAL 196
SER 173 SER 173 SER 173
PHE 170 PHE 170 PHE 170
PHE 174 PHE 174 PHE 174
ILE 267 ILE 267 ILE 267
PHE 108 PHE 108 PHE 108
LEU 359 LEU 359 LEU 359
PRO 269 PRO 269 PRO 269
HSE 178 HSE 178 HSE 178
PHE 189 PHE 189 PHE 189
ALA 380 ALA 380 ALA 380
PHE 200 PHE 200 PHE 200
TRP 356 TRP 356 TRP 356
LEU 276 LEU 276 LEU 276
ILE 271 ILE 271
TYR 275 TYR 275
MET 363 MET 363
THR 201

LYS 376

(Figure 67)
The full compiled residue list of CBN compared to 8D0 and AEA. The ones they share are
listed in blue, the residues that 8D0 and AEA share are listed in purple, the residues CBN and
8DO share are listed in orange. The residues that are unique to 8D0 and AEA are listed in red.

When comparing the residues there is less residue interaction with CBN because it is a

slightly smaller molecule. It does share the lysine 192 residue with 8D0 because they both

contain a dimethyl constituent adjacent to the ether group on the second ring. Overall there is a

single hydrogen bond interaction, but the rest is a strictly hydrophobic interact with the protein

pocket with the list of residues shown above (Figure 67).
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Tetrahydrocannabinol (THC) 5XRS:

The last cannabinoid, and the most famous, we have chosen for this experiment is
tetrahydrocannabinol, or THC for short. THC is the active component in cannabis smoke or
vapor that is attributed to its unique psychoactive effect it has on its consumers®. THC has been
widely studied and has been shown to treat a wide variety of diseases and ailments such as
pain!'!, nausea®, migraines!, stress!®, and cancer!®”. This research will show exactly how THC
interacts with the CB1 receptor. Knowing that and comparing it to the rest of the results is
important to see why THC induces a unique effect and where the differences if any are.

SwissTargetPrediction report:

Reference: Query Molecule Frequency of Target Class

Gfeller D., Michielin O. & Zoete V.
Shaping the interaction landscape of
bioactive molecules, Bioinformatics
(2013) 29:3073-3079.

Uniprot Gene #sim.
Target P ChEMBL ID Probability cmpds (3D Target Class
ID code
12D)
Cannabinoid receptor 1 P21554 CNR1 CHEMBL218 : 546/318 Membrane
receptor
Cannabinoid receptor 2 P34972 CNR2 CHEMBL253 |:-[ 384 /267 Membrane
receptor
Vascular endothelial growth factor 3
P17948 FLT1 ]
receptor 1 (by homology) GHEMBL1868 71711 TyrKinase
Vascular endothelial growth factor . .
receptor 3 (by homology) Seet0 R cHemsLisss [ 71/11  TyrKinase

Vascular edothelal gOWINCI! | psesss | xon  oHEmBlere [N | 71/11 TyrKinsse
receptor 2

Arachidonate 15-lipoxygenase B

(by homology) 015296 ALOX158 = CHEMBL2457 28/17 Enzyme
Arachidonate 5-lipoxygenase P08917 ALOXS CHEMBL215 |:[ 28/17 Enzyme
Arachidonate 15-lipoxygenase P16050 ALOX15 CHEMBL2903 |:[ 28/17 Enzyme
Arachidonrie 12-ipaygenase, Praoss  Aloxiz  CHEMBLAE87 [ | 28/17 Enzyme
125-type
Arachidonate 12-lipoxygenase, I:l

075342 ALOX12B 26/10 Enzyme
12R-type (by homoiogy) Y
Epidermis-type lipoxygenase 3 (by l:[

Q8BYJ1 ALOXE3 28/17  Enzyme
homology) =y

Tyrosyl-DNA phosphodiesterase 1 Qanuws ToP1 CHEMBL1075138 I:[ 123/20 Enzyme
Microtubule-associated proteintau ~ P10636 MAPT  CHEMBL1293224 |:[ 315/21  Unclassified

G-protein coupled receptor 55 cevele  GPAss CHEMBL1075322 [ ] 1/1  Unclassified
Cholinesterase P06276 BCHE CHEMBL1914 |:[ 68/31  Enzyme
(Figure 68)

The SwissTargetPrediction report shows THC has high probability to interact with the CB1
receptor.
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The SwissTargetPrediction report shows that THC has high probability to bind to the
CBI receptor, which was anticipated. It also has high probability to interact with Vascular

endothelial growth factor receptor 1, 2 and 3. This tells us that THC interacts with other

receptors to produce a unique effect, when compared to CBN (Figure 62), AEA (Figure 56) and

8DO0 (Figure 21) who do not. After knowing this and then generating the molecule using

Chem3D we sent it into docking via the SwissDock program. The best docking position and the

key residues it interacts with can be shown below in Figures 69 and 70. Not all of the residues

may be shown for imagery purposes of this report. The full list can be observed in Figure 73.
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(Figure 69)
The best docked pose of THC
(lateral view). THC can be seen
in blue, the residues can be seen
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What can be observed is that THC, like CBN and 8DO0 has a hydrogen bond with seranine
383. The rest of the interaction with the pocket is hydrophobic. It also differs from the rest of the
cannabinoids in the protein pocket because instead of the pentyl chain turning and forming an

“L” shape it goes forward and does not bend at all (Figure 69 and Figure 70).

5

S |
ALA 380"~ PHES79.A ‘\

\ R
\ ﬁgn&ﬁwa \ 1\/! MET 363
N\Hf' T\ PHE 268/ 3¢
A \/> N
e | 2 A P
/ -’y LEU 359
e SER383A
//
[ PHE189 )
\
/L ) J /
o g /
\smwa ‘ /) /
N | LEu1s3A
\/ el SR /;@szﬁ TRP/456
/i 3 \ THR197.A 48 N
]
\va g
/‘f*( N PHE200

(Figure 71)

THC superimposed over the crystal
ligand 8D0. THC is the blue stick
shape, 8DO0 is the tan stick shape, the
residues are in tan and gray. The blue
lines signal hydrogen bonds that
occur between the OH group and
SER383 (lateral view).
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(Figure 72)
Aerial view of superimposition of

THC and the crystal structure ligand
8DO.
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When superimposed over the crystal ligand 8D0, THC stands above it significantly,

again going straight and not bending. THC also interacts with significantly less residues (Figure

71 and 72). THC superimposed in the same pocket, over the same site meaning that it had a 90%

similarity to the crystal structure ligand in interaction with the protein pocket.

AGONIST 5XR8 Residue List

8D0 AEA CBN THC
THR197 THR197  THR197  THR197
SER 383 SER 383 SER 383 SER 383
PHE 177 PHE 177 PHE 177 PHE 177
PHE 268 PHE 268 PHE 268 PHE 268
LEU193 LEU193  LEU193  LEU 193
PHE 379 PHE 379 PHE 379 PHE 379
TRP 279 TRP 279 TRP 279 TRP 279
VAL 196 VAL 196 VAL 196 VAL 196
SER 173 SER 173 SER 173 SER 173
PHE 170 PHE 170 PHE 170 PHE 170
PHE 174 PHE 174 PHE 174 PHE 174
ILE 267 ILE 267 ILE 267 ILE 267
PHE 108 PHE 108 PHE 108 PHE 108
LEU 359 LEU 359 LEU 359 LEU 359
PRO 269 PRO 269 PRO 269 PRO 269
HSE 178 HSE 178 HSE 178 HSE 178
PHE 189 PHE 189 PHE 189 PHE 189
ALA 380 ALA 380 ALA 380 ALA 380
PHE 200 PHE 200 PHE 200 PHE 200
TRP 356 TRP 356 TRP 356 TRP 356
MET 363 MET 363 MET 363 MET 363
CYS 386 CYS 386 CYS 386
LEU 276 LEU 276 LEU 276
LYS 192 LYS 192
THR 201

LYS 376

(Figure 73)

The list compiled comparing THC to the experimental cannabinoids CBN, AEA, and 8D0. The
residues they all share are listed in blue. The residues that CBN, AEA, and 8DO0 share are in
purple. The residues that AEA and 8DO share are listed in organe. The residues that CBN and
8DO0 share are listed in green. The unique residues for AEA and 8DO are listed in red.
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All of these cannabinoids do produce a unique psychoactive effect, but only THC stands
differently in the protein pocket and has less residue interaction. Many people have died from
synthetic cannabinoid constituents of THC, such as JWH-018, the active ingredient in synthetic
cannabis nicknamed “Spice” or “K2”, but not from THCFE!, In fact, there has never been a
sole THC overdose on record. This could be because it forms a unique shape and interacts with
less residues in the protein pocket in the CB1 receptor site.

Agonist Receptor-Ligand Complex SXR8Results:

In conclusion of the agonists we can successfully say that each agonist interacts with the
CBI1 receptor in a similar fashion. Each agonist cannabinoid formed an “L” shape within the
CBI1 protein pocket with the exception of THC. The AG values are all very similar and coincide
with the IC50 values (Figure 74). The AG values of THC and CBN are slightly less negative was
when compared to 8D0 and AEA because they are smaller molecules. The larger cannabinoids
(8D0 and AEA) did have a similar AG values and the smaller ones (CBN and THC) also
contained similar values to one another (Figure 74). When the residues were compiled we
observe how all contain similar residues, those residues are listed in blue in Figure 75. This list
will later be compared to the antagonist/ inverse agonist cannabinoid residue interaction to
distinguish which residues are responsible for the unique function of an agonist cannabinoid.

(Figure 74)
5XR8 The AG values compared to the
IC50 of the antagonist/ inverse

Ligand Type IC50 Value ( uM ) A G Value (kcal/mol) . ..
8D0 Agonist Unknown -10.42 agonist cannabinoids.
Anandamide Agonist 2.10 -10.11

THC Agonist 2.70 -8.19

CBN Agonist 2.10 -8.96
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Agonist Residues
THR 197
SER 383
PHE 177
PHE 268

LEU 193 (Figure 75)
PHE 379 The compiled list of residues that all
TRP 279 agonists share.

VAL 196
SER 173
PHE 170
PHE 174
ILE 267

PHE 108
LEU 359
PRO 269
HSE 178
PHE 189
ALA 380
PHE 200
TRP 356
MET 363

Conclusion:

Results:

In conclusion the first step was to evaluate IC50 values and AG values to see if there was
a correlation between reduced activity and energy released from the docking. The two did
correspond and their results can be seen in Figure 76. In order to determine which residues were
responsible for the antagonist property and which ones were responsible for the agonist property
we had to take a few steps. First, was compiling of all the amino acid residues from each
cannabinoid within the 3.7 A pocket that we formed. Second was to see which ones each
functional group shared, and which ones were different. Last was to compare all the residues and
see which were shared and which were different. Even if one residue with an antagonist/ inverse
agonist cannabinoid was shared with an agonist cannabinoid that residue would be put in the
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shared category. The reason being because that residue isn’t responsible for the determining of
the function, only the uniqueness of the effects from that specific molecule. The last thing to note
is that when Dr. Stevens originally conducted this study, they looked at very large, bulky
antagonist/ inverse agonist cannabinoids for the 5STGZ site. For this study we took a small known
antagonist cannabinoid and compared it to the others. This will diminish the list of residues
significantly required for an antagonist/ inverse agonist to function because the molecule is
smaller, therefore interacts with less residues.

Lig short name Lig Type PDBID Size of pocket (A) Center of pocket (x,y,z) 1C50 Value ( pM ) A G Value (kcal/mol)
ZDG Antagonist 5TGZ  5x5x5 x=(43.502) y=(27.787) z=(318.810) Unknown -9.96
Rimonabant Antagonist 5TGZ 5x5x5 x=(43.502) y=(27.787) z=(318.810) Unkown -9.83
Taranabant Antagonist 5TGZ 5x5x5 x=(43.502) y=(27.787) z=(318.810) 0.00030 -9.26
CBD Antagonist 5TGZ  5x5x5 x=(43.502) y=(27.787) z=(318.810) 2.10 -8.28
8D0 Agonist 5XR8 5x5x5 x=(-42.646) y=(-156.676) z=(306.315) Unknown -10.42
Anandamide Agonist 5XR8 | 5x5x5 x=(-42.646) y=(-156.676) z=(306.315) 2.10 -10.11
THC Agonist 5XR8 | 5x5x5 x=(-42.646) y=(-156.676) z=(306.315) 2.70 -8.19
CBN Agonist 5XR8 | 5x5x5 x=(-42.6486) y=(-156.676) z=(306.315) 2.10 -8.96
(Figure 76)
The full chart outlying cannabinoid, coordinates, size of pocket, known IC50, and
experimental AG values from each of the cannabinoids.

In Figure 77 we see that there are many residues both antagonist/ inverse agonist
cannabinoids and agonist cannabinoids share. There is only a very small number of residues that
define which will produce the specific effect of an antagonist or inverse agonist functioning
cannabinoid versus an agonist functioning cannabinoid. This list tells us which residues to target
in order to generate the specific function of antagonist/ inverse agonist, or to produce an agonist
function. In conclusion after compiling, comparing, and contrasting all the cannabinoids residues
IC50 and AG values this research can successfully say that the way agonists/ inverse agonists
and agonists bind are different and predictable.
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Agonist Antagonist
THR 197 THR 197
SER 383 SER 383
PHE 268 PHE 268
PHE 170 PHE 170
PHE 174 PHE 174
HSE 178 HSE 178
TYR 275 TYR 275
ALA 380 ALA 380
MET 363 MET 363
VAL 196 VAL 196
CYS 386 CYS 386
TRP 279 TRP 279
PHE 379 PHE 379
LEU 193 LEU 193
LEU 359 LEU 359
TRP 356 TRP 356
PHE 108 PHE 102
PHE 177 MET 103
PHE 189 MET 384
PHE 200 GLY 166
PRO 269 ILE 105
ILE 267 LEU 387
SER 167
(Figure 77)

This is the residue sheet that determines which residues both antagonist and agonist
cannabinoids share and which are responsible for their unique effect. The residues shared are
outlined in green, the ones unique to the function of antagonist/ inverse agonist are in pink and
the residues for the agonist are in blue.
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The Future:

Figure 77 is the key to cannabinoid synthesis. This procedure and list will be used in the
future to manufacture and design cannabinoids to target key residues in order to produce a
specific biological function whether it be antagonist, inverse agonist, or agonist. This is the
theoretical protocol to be picked up by any research team to examine, identify, and construct
cannabinoids to target these specific residues. In conclusion, the future of this research is that
this is the blueprint for cannabinoid synthesis, to be able to devise a cannabinoid, that interacts
with specific residues to generate specific effects.
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