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Abstract

Cannabinoid receptors are a family of G-protein coupled receptors that are involved in a wide
variety of physiological processes and diseases. One of the key regulators that are unique to
cannabinoid receptors is the cannabinoid receptor interacting proteins (CRIPS). Among them
CRIP1a was found to decrease the constitutive activity of the cannabinoid type-1 receptor (CB1R).
The aim of this study is to gain an understanding of the interaction between CRIP1a and CB{R
through using different computational techniques. The generated model demonstrated several key
putative interactions between CRIP1a and CB4R, including those involving Lys130 of CRIP1a.

Ever since their discovery in the mid-1980s, cannabinoid receptors have been receiving
increasing attention as their roles in an expanding array of vital human physiological
processes are elucidated. For example, roles in regulation of motivation, motor function,
memory, appetite and energy homeostasis, pain perception, immune function,
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gastrointestinal and cardiovascular function, and bone mass maintenance have all been
attributed to cannabinoid receptors. These receptors represent an important class of the G
protein-coupled receptor (GPCR) superfamily.l Currently, this class is comprised of two
subtypes, the cannabinoid 1 receptor (CB1R) and cannabinoid 2 receptor (CB,R), although
other targets of some cannabinoic ligands have been described.? Of the two subtypes, CB;R
is the major subtype expressed in neuronal cells, while it is also co-expressed to a lesser
extent with CB,R in immune cells and other peripheral tissues. Cannabinoid receptors are
endogenously activated by the lipid-derived endocannabinoid ligands, anandamide and 2-
arachidonoy! glycerol (2-AG), among others. CB4R signaling and regulation have
biomedical relevance because CB1Rs are involved in a wide range of diseases, including
substance abuse disorders (they are a major target of A-tetrahydrocannabinol, the main
psychoactive constituent in marijuana) and neurodegenerative diseases such as Parkinson's,
Alzheimer's, Huntington's diseases, cancer, obesity, inflammatory bowel disease, and
neuropathic and inflammatory pain.*-’

The CB1R signals mainly through the activation of G proteins of the Gj;, family, which
inhibit adenylyl cyclases and regulate ion channels, including calcium and potassium
channels.8 Evidence also exists that in certain cell types CB4Rs can stimulate adenylyl
cyclase via Gg, which can induce receptor-mediated Ca2* fluxes and stimulate
phospholipases.3 Moreover, stimulation of CB{Rs results in the phosphorylation and
activation of mitogen-activated protein kinases (MAPKS) that regulate nuclear transcription
factors.? In recent years, it has become evident that CB4Rs also interact with various non-G-
protein GPCR-interacting proteins that can modulate CB4R function.10 For example, CB4Rs
are regulated through mechanisms similar to those of other GPCRs, such as GPCR kinases
and B-arrestins. In addition, CB1Rs have the ability to form homo- and hetero-dimers/
oligomers, resulting in altered pharmacological properties, which might contribute to the
diverse pharmacological effects of cannabinoids observed in various tissues.3 However, one
mechanism that appears to be unique to CB4Rs is related to their binding to CRIP1a and
CRIP1b, the cannabinoid receptor interacting proteins.11

CRIP1a/b are globular proteins that were first discovered by the Lewis group when they
observed that the deletion of the CB1R C-terminus resulted in delaying the time required to
peak Ca?* current inhibition, augmented the tonic CB;R-mediated inhibition of Ca*
currents, and promoted the ability of CB4R to sequester G-proteins.12:13 These findings
suggested that the C-terminal tail could be serving as an auto-inhibitor. Searching for
additional proteins that might be involved in regulating CB1R's activity, they used the CB1R
distal C-terminus as bait in a yeast two-hybrid screen, and identified two proteins: CRIP1a
and CRIP1b. Later, CRIP1a was shown to bind to a GST-labeled CB1R-C-terminal tail
fusion protein and also to co-immunoprecipitate with CB1R, although no interaction of
CRIP1a with the CB,R has been observed.1!

CRIP1a and CRIP1b are generated by alternative splicing of the Cnrip gene, which is
located on chromosome 2 in humans.1 CRIP1a is most highly expressed in the brain, and
its homologs are found throughout the vertebrates. Interestingly, CRIP1a was shown to
selectively reverse basal, but not CB4R agonist-induced, inhibition of voltage-gated Ca2*
channels when co-transfected with CB1R in superior cervical ganglion neurons, which
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suggests that CRIP1a inhibits constitutive CB4R activity.1! Supporting this interpretation,
the ability of the CB4R inverse agonist rimonabant (SR141716A\) to stimulate basal Ca2*
channel activity in CB4R-transfected neurons was eliminated by co-expression of CRIP1a.11

Interestingly, CRIP1a possesses a palmitoylation site and a C-terminus PDZ class | ligand.
The palmitoylation site may play a role in localizing CRIP1a to the plasma membrane.1!
The PDZ ligand domain may play several roles: 1) allowing CRIP1a to interact with other
proteins, act as a scaffolding site, and/or enabling the formation of heterodimers between
CB;Rs and other receptors; and 2) potentially modulating the localization, desensitization,
or internalization of CB4Rs.10.14

CRIP1a may also be involved in the balance between neuroprotection and degeneration.
Katona's group employed quantitative PCR to compare the levels of CB4R and CRIP1a
mMRNA in epileptic and healthy postmortem human hippocampal tissue. Reduced levels of
both CRIP1a and CB;R mRNA were found in sclerotic hippocampi.1® Alternatively,
CRIP1a mRNA was found to be elevated following kainic acid-induced seizures in rats.16
Both reports suggest that CRIP1a plays a role in modulating CB4R function in the
pathogenesis or neuroadaptive response to epilepsy. Moreover, in a model of glutamate
excitoxicity in cultured cortical neurons, virally-mediated expression of CRIP1a inhibited
the protective effects of a cannabinoid agonist while conferring a protective effect to an
antagonist.1” In addition to its putative roles in the brain, CRIP1a is presynaptically
expressed along with CB4Rs in the retina, and the Cnripl gene exhibits hypermethylation in
a subset of colorectal carcinomas and adenomas.18-20

While none are definitive, the findings above suggest potentially important functions of
CRIP1a in multiple physiological systems, yet very little is known about the exact
mechanisms by which CRIP1a binds to the CB4R, which is crucial to understanding the
regulation of CB1R signaling. In this report, we apply a palette of complementary
computational techniques, including homology modeling, Ab initio and protein threading, to
generate all atom molecular models for CRIP1a. Then, using protein-protein docking
methods, the resulting CRIP1a model is docked to the C-terminus of the CB4R to generate a
model for the CRIP1a-CB¢R interaction.

A general workflow for building the CRIP1a-CB41R molecular model is shown in Scheme 1.
First, the secondary structure pattern of CRIP1a was predicted. Then, three different
methods were used to build 3D models for CRIP1a (homology modeling, Ab initio and
protein threading). Hydrogen atoms were added to the CRIP1a models followed by energy
minimization. Next, all models were evaluated with multiple scoring paradigms in order to
choose the best model to carry forward into succeeding stages. The best such model for
CRIP1a was then docked to the C-terminus of the CB1R, after which the resulting models
for the CRIP1a-CB1R complex were energy minimized, clustered and finally evaluated to
determine the most reliable protein-protein interaction model.

CRIP1a secondary structure pattern was predicted using the amino acid primary sequence by
several algorithms, including: HMMSTR, SSPRO 4, CDM, JNET, SABLE, PORTER,
NetSurfP, SPINE X and PSIPRED.21-22 A consensus secondary structure was generated
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using the GeneSilico Metaserver.30 For the prediction of CRIP1a structural class and fold
type, the 1D protein structure prediction software from Kurgan's lab, which predicts
structural class and fold type information from the primary sequence of a protein, was
used.31:32 Predictions by the majority of algorithms suggest that CRIP1a is composed almost
exclusively of B-sheets and loops, which make CRIP1a a member of all 8 proteins class
(Figure 1). This was confirmed by the structural class prediction algorithm 1D, which also
predicted CRIP1a is of the Concanavalin A-like lectins/glucanases all 8 strands sandwich
fold.31.32

Several algorithms were used for generating sequence alignments: BLAST and the
GeneSilico Metaserver, which encompasses a combination of different homology and
protein threading methods for template searches and sequence alignment, e.g., COMA,
HHBLITS, Profile Comparer, FFAS, HHSEARCH, pGenTHREADER, Phyre, Pcons5,
consens3d, jmbrank and sp3.3%:33-45 For prediction of distant homologues, protein threading
algorithms were used, which are pPDomTHREADER, I-TASSER, RaptorX, LOMETS
(LOcal MEta-Threading-Server); and MUSTER (MUIti-Sources ThreadER).41:46-54 The
BLAST search identified the amino acid sequences of proteins that are closely related to
CRIP1a.33 However, all such identified proteins were of low homology relative to CRIP1a
(data not shown). Additional algorithms with higher sensitivity were used to detect distant
homologs to CRIP1a, which yielded template crystal structures from 111 different
alignments of 74 different protein chains. Each algorithm has its own scoring method, so it
is difficult to directly compare their results. However, it was clear that most of the generated
alignments were in the lowest range of their respective algorithm's scoring scales. Only
pDomTHREADER, an algorithm generally regarded as precise and sensitive in
discriminating superfamilies, yielded two alignments in the high range. pDomTHREADER
combines information from both sequence and structure to produce domain alignments. The
highest scoring alignment thus produced was for PDB ID 1DS6 Chain B, (human Rho-
specific guanine nucleotide dissociation inhibitor 2, RhoGDI 2), which covers amino acids
1-152 of CRIP1a's 164 amino acids, i.e., all but the last of CRIP1a's R-sheet (see Figure 2).

RhoGDl, an all B protein of sandwich fold type, plays an important role in G-protein
coupled receptor (GPCR) signaling, including that of CB4R.%> The pDomTHREADER
analysis also suggested CRIP1a to be somewhat homologous to RhoGDI 1, implying the
possibility of CRIP1a sharing a similar function with the RhoGDIs. RhoGDI decreases the
activity of Rho by preventing guanine nucleotide exchange and membrane association.
RhoGDI may also act as a positive regulator for Rho activities by providing spatial
restriction, guidance and availability signals to effectors, functions that are essential for the
correct targeting and regulation of these effectors.® RhoGDI 2 has an identity of 15.9% to
the CRIP1a sequence, which is quite low; however, pPDomTHREADER uses the primary
sequence of a protein to infer distant relationships to other protein families that are not
detectable by simple percentage identity. These relationships often suggest common
function and can often provide templates for the construction of high quality 3D structural
models.*1

While other alignments with higher percentage identity were found, they had low scores and
did not cover as large a fraction of the CRIP1a sequence. For example, 1AOZ (ascorbate
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oxidase) chain A and 1AYO (alpha 2-macroglobulin) chain A both have 20% identity with
CRIP1a. Their alignment scores, however, were lower than that of RhoGDI 2 and did not
provide templates for several of CRIP1a's 3-sheets. A complete list of the algorithms used
and their resulting suggested templates can be found in Supporting Information (Table S1).

Based on the produced alignments, we used MODELLER to generate CRIP1a models and
ranked them according to the DOPE score.56 The highest scoring model was that based on
the RhoGDI 2 template (Figure 3a). The constructed model for CRIP1a follows the
predicted secondary structure; however residues 153-162 were removed since they exceeded
the extents of the template. Thus, to produce a complete model, residues 153-162 were re-
modeled using the next best scoring template — fibrinogen-binding protein SdrG (PDB ID
1R17) chain B. After energy minimizing and scoring this model, it had the highest score of
all generated models (Figure 3b). To ensure no major modeling defects, a Ramachandron
plot was generated by MOLPROBITY for the model and was found to be within the
acceptable limits (Figure 4).57

The QUARK algorithm for Ab initio protein folding and structure prediction was used to
generate models using replica-exchange Monte Carlo simulation guided by an atomic-level
knowledge-based force field.58 Furthermore, hybrid methods combining Ab initio with other
techniques were used: Bhageerath (incorporating bioinformatics tools) and Robetta's
algorithm (incorporating comparative models of protein domains).59-63

The various models generated by Ab initio methods, all of which were all B proteins, were
evaluated using the DOPE method. The DOPE score of a protein can be viewed as a
conformational energy that measures the relative stability of a conformation with respect to
other conformations of the same protein. It can be used to choose the best model out of a set
of predicted model structures for a particular protein sequence. Because the DOPE energy is
not normalized based on the size of the protein, the absolute score for a protein is not
meaningful, but the relative energies of different conformations are useful in model
evaluation.>® According to DOPE scoring, models built using Ab initio methods were found
to have high scores (Supporting Information Table S2); however, none of them had a score
better than the model generated using RhoGDI 2 as a template. It is interesting to note that
the best scoring model of this set was generated by the hybrid bioinformatics/Ab initio
Bhageerath algorithm.

According to Niehaus et al., the last 9 amino acids on the C-terminus of CB4R are the
minimum residues required for CRIP1a binding.11 PEP-FOLD, which is a de novo approach
for prediction of peptide structures from amino acid sequences, was used to build the 3D
structure of this 9 amino acid peptide (Figure 5).64-71

Protein-protein docking was performed using the HADDOCK (High Ambiguity Driven
DOCKing) algorithm. 72 The site on CRIP1a where the CB;R C-terminus binds is unknown,
so this 9 amino acid peptide was docked to all possible sites encompassing amino acids
34-110 of CRIP1a. This range was chosen because these amino acids are common between
CRIP1a and CRIP1b and thus most likely critical for CB4R binding.11 Docking results were
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individually inspected, after which high scoring models were passed into the refinement
step.

All docked poses were refined with FireDock’3:74 (Fast Interaction Refinement in a
molecular Docking) algorithm and then rescored using the HINT7>-81 forcefield that
describes and quantifies all interactions in the biological environment by exploiting the
interaction information implicit in LogPqy (the partition coefficient for 1-octanol/water
solute transfer). We call HINT a “natural” force field because it is based on empirical
energetic terms that are defined by real experiments, and thus encodes interaction types
including Coulombic, hydrogen bond and hydrophobic interactions expected to be found
between molecules in the biological environment. It is a free energy force field that includes
solvation/desolvation and entropy in addition to the other enthalpic terms.”>81 The HINT
score (HroTaL) is a double sum over all atom-atom pairs of the product (bjj) of the
hydrophobic atom constants (a;, partial 10g Poctanol/water) @nd atomic solvent accessible
surface areas (S;) for the interacting atoms, mediated by a function of the distance between
the atoms:

Hroma=>_ > by=3_> (& Si a 8 Ty Ritry)

where Rjj is a simple exponential function, e™, rj; is an adaptation of the Lennard-Jones
function, and Tj; is a logic function assuming +1 or -1 values, depending on the polar
(Lewis acid or base) nature of interacting atoms.80-83

The best scoring CRIP1a-CB1R model according to HINT is shown in Figure 6. The 9
amino acids of the CB1R C-terminus (Figure 5) are mostly polar; therefore, polar
interactions are the dominant type of interaction between CRIP1a and CB1R. Most notably,
the model suggests that hydrogen bonds are formed between the CB1R backbone carbonyl
oxygens of Ser464 and Thr465 and Aap466 with the terminal amine in Lys130 from
CRIP1a, between one of the CB4R carboxyl oxygens of Asp466 and the phenolic oxygen of
Tyr85 from CRIP1a, and between the Thr467 hydroxyl group from CB1R and the backbone
carbonyl oxygen of Asn61 from CRIP1a. The model suggests that Lys130 from CRIP1a has
a quite significant role in the interaction between CRIP1a and CB4R (Figure 7). Also, there
are some hydrophobic interactions, for example, between Val67 from CRIP1a and Ala471
from CB4R. The complete HINT score interaction analysis is reported in Supporting
Information (Table S3). This CRIP1a-CB1R interaction model supports the assertion that
CRIP1a might be responsible for blocking the coupling of CB4R to specific Gjj, proteins
that are responsible for the tonic inhibition of Ca2* channels, but not to other Gj;, proteins
that could inhibit Ca2* channels in response to agonist activation.1! The concept of CB1R
differential G-protein coupling and the subsequent selective signal transduction mechanisms
was previously discussed by Anavi-Goffer et al., where they found through Gj,, protein
reconstitution experiments that the combination of CB1R and Gaij3(C351G) significantly
enhanced the tonic inhibition of Ca* channels, while CB4R and Gaya(C351G) abolished
the tonic inhibition of Ca2* channels.84 An earlier study of Nie et al. also reinforces the
differential coupling concept: they showed that D164N point mutation of CB4R blocked
tonic inhibition of Ca2* channels, whereas agonist-dependent CaZ* channel inhibition was
not affected.13 The possibility that CRIP1a blocks the coupling of CB1R to specific Gjjo
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proteins without affecting the binding of other Gj;, proteins may provide an explanation for
the finding that CRIP1a selectively blocks basal CB1R modulation of Ca2* channel activity,
but not CB4R agonist-induced modulation of this activity.11

The electrostatic properties of the CRIP1a-CB1R complex interface was evaluated using
Adaptive Poisson-Boltzmann Solver (APBS) tools plug-in for PyMOL.85-87 This tool uses
APBS to solve the Poisson-Boltzmann equation (PBE) to assess electrostatic properties.86
All images were created using PyMOL.87 As can be seen in figure 8, the electrostatic
complementarity analysis reveals the high complementarity in both CRIP1a and CB1R
interfaces.

In conclusion, previous work has explored the effects of binding CRIP1a to CB1R; however,
this interaction has never been examined at the atomic level, as there are no available X-ray
crystal structures for the complex or either of the interacting proteins. Here, we used three
different types of computational techniques, comparative, Ab initio and protein threading, to
build 3D models of the CRIP1a protein. The best scoring model was obtained through
protein threading using RhoGDI 2 as a template. RhoGDI 2, another effector with a
significant role in G-protein coupled receptor signaling (including CB1R), is an all 8 protein
of the sandwich fold type, which is the same fold predicted for CRIP1a. Also modeled was
the 9 amino acid C-terminal end peptide of CB4R. The peptide was docked as a ligand to the
best scored model of CRIP1a, resulting in mostly favorable polar interactions. The
energetics and binding mode analyses suggest that Lys130 of CRIP1a may play a significant
role in this interaction. Our model may be used to guide the design of future site-directed
mutagenesis experiments. Understanding the structures of these proteins and, particularly,
their interactions will form the foundation for understanding mechanisms of CB{R
regulation in the CNS, and may also lead to advances in drug development for the treatment
of disorders involving modulation of CB1R activity.

Supplementary Material
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CB1R cannabinoid 1 receptor

CByR cannabinoid 2 receptor

Cnripl cannabinoid receptor interacting protein gene
CRIPla cannabinoid receptor interacting protein 1a
CRIP1b cannabinoid receptor interacting protein 1b
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General scheme of the CRIP1a-CB1R interaction model construction.
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Figure 1.

Secondary Structure prediction of CRIP1a by several algorithms, consensus is shown in red.
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Figure 2.
Alignment of CRIP1a with RhoGDI 2 (PDB ID 1DS6 Chain B), the best scoring template.

The RhoGDI 2 secondary structure and the predicted (consensus) secondary structure for
CRIP1a are shown in red above and below the sequence alignment, respectively S: f-sheet
and H: helix.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2015 March 09.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ahmed et al.

Page 14

Figure 3.
Best ranking CRIP1a model using RhoGDI 2 as a template (PDB ID 1DS6 chain B). (a) 3D

structure constructed for CRIP1a {3 -sheets are in yellow and loops are shown in green. (b)
Superimposition of backbone atoms of CRIP1a model (red) and the RhoGDI 2 crystal
structure (blue).
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Figure4.
Ramachandron plots for the best full model of CRIP1a generated using RhoGDI 2 as a

template (generated by MOLPROBITY).>’
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Figure5.
The last 9 amino acids of the CB1R C-terminus with sequence STDTSAEAL.
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Figure6.
Best Docked model for CRIP1a-CB1R complex. CRIP1a is shown in blue and the 9 C-

terminal amino acids of CB1R are shown as a space filling model.
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Figure?7.

Key interactions between the CB;R and CRIP1a as predicted by the model. (a) Model
showing CRIP1a (grey) bound to CB1R (blue). (b) 2D representation of the key interactions
between CRIP1a (black) and CB1R (blue).
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CRIP1a CRIP1a - CB4R CB4R
pre-complex (C-terminus)

Figure8.
Complementarity of electrostatic potentials at the interface of the predicted CRIP1a-CB1R

complex. In the middle, CRIP1a and CB1R C-terminus are aligned in a pre-complex
position to better show the spatial complementarity of electrostatic potentials of the
molecules. Positive potential is shown as blue and negative potential is shown as red. To the
left, CRIP1a is shown; the CB1R binding site is enclosed in a back dashed rectangle. To the
right, the binding interface of the C-terminus of CB4R is shown. It can be clearly seen the
complementarity of electrostatic potentials at the interface of the complex, as the area of the
positive potential (blue) on CRIP1a faces the negative potential (red) on CB4R C-terminus
and vice versa.
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