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Abstract  

Cannabinoid Receptor Interacting Protein1a (CRIP1a) is a CB1 receptor (CB1R) distal C-

terminus-associated protein that alters CB1R interactions with G-proteins (Blume et al.,2015; 

Smith et al.,2015).  We tested the hypothesis that CRIP1a is capable of also altering CB1R 

interactions with β-arrestin proteins that interact with the CB1R at the C-terminal. Co-

immunoprecipitation studies indicated that CB1R associates in complexes with either CRIP1a or 

β-arrestin, but CRIP1a and β-arrestin fail to co-immunoprecipitate with each other. This suggests 

a competition for CRIP1a and β-arrestin binding to the CB1R, which we hypothesized could 

attenuate the action of β-arrestin to mediate CB1R internalization. We determined that agonist-

mediated reduction of the density of cell surface endogenously-expressed CB1Rs was clathrin- 

and dynamin-dependent, and could be modeled as agonist-induced aggregation of transiently-

expressed GFP-CB1R.  CRIP1a over-expression attenuated CP55940-mediated GFP-CB1R as 

well as endogenous β-arrestin redistribution to punctae, and conversely, CRIP1a knock-down 

augmented β-arrestin redistribution to punctae.  Peptides mimicking the CB1R C-terminus could 

bind to both CRIP1a in cell extracts as well as purified recombinant CRIP1a.  Affinity pull-down 

studies revealed that phosphorylation at threonine-468 of a CB1R distal C-terminus 14-mer 

peptide reduced CB1R-CRIP1a association.  Co-immunoprecipitation of CB1R protein 

complexes demonstrated that central or distal C-terminal peptides competed for the CB1R 

association with CRIP1a, but that a phosphorylated central C-terminal peptide competed for 

association with β-arrestin1, and phosphorylated central or distal C-terminal peptides competed 

for association with β-arrestin2.  Thus, CRIP1a can compete with β-arrestins for interaction with 

C-terminal CB1R domains which could affect agonist-driven, β-arrestin-mediated internalization 

of the CB1R.  
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Introduction  

      The CB1 cannabinoid receptor (CB1R) is among the most abundantly expressed 7-

transmembrane receptor in the brain.  In the CNS, CB1Rs are predominately expressed on pre-

synaptic neurons and respond to the endocannabinoids 2-arachidonoylglycerol (2-AG) and 

anandamide to suppress neurotransmitter release (Pertwee, 2006;Turu and Hunyady, 2010).  

CB1R activation leads to coupling of pertussis toxin-sensitive Gi/o proteins to inhibit voltage-

sensitive Ca2+ channels and adenylyl cyclase, and activate inwardly rectifying K+ channels and 

mitogen-activated protein kinases including ERK1/2 (Turu and Hunyady, 2010).  Clinically 

targeted pharmacotherapies at CB1R have been of considerable interest in the treatment of 

nausea, obesity, cancer, substance abuse and neurodegenerative disorders (Pertwee, 2006).  

However, the clinical success of agonist compounds has been limited by untoward psychoactive 

side effect profiles, abuse liability, and the development of tolerance.  Thus, a better 

understanding of the underlying mechanisms and proteins involved in regulating CB1R activity is 

needed.  

      The majority of experiments that center on G-protein coupled receptor (GPCR) functioning 

have used agonist-mediated activity as the primary means to study receptor signal transduction.  

However, the emergence of GPCR interacting proteins as important modulators of GPCR ligand 

specificity, signaling, cell surface expression, and trafficking has opened up a new avenue of 

investigation in GPCR regulation.  As such, insights into CB1R accessory proteins may help to 

uncover novel mechanisms involved in the regulation of CB1R signaling.  To date, numerous C-

terminal associated proteins for CB1R exist, including G-protein receptor kinases (GRKs), β-

arrestins, AP-3, SGIP1 (Hajkova et al., 2016) and GASP1, which appear to be involved in the 

regulation of CB1R protein expression, trafficking, cellular localization, and signaling (for 

review, see (Howlett et al., 2010;Smith et al., 2010)).   

Cannabinoid Receptor Interacting Protein 1a (CRIP1a) is another CB1R-associated protein, 
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shown to selectively bind to the last nine C-terminal residues of the CB1R, but not CB2R 

(Niehaus et al., 2007).  Efforts to define a physiological relevance for CRIP1a have been slow in 

developing.  In superior cervical ganglion neurons, CRIP1a over-expression was capable of 

suppressing CB1R-mediated tonic inhibition of N-type voltage-gated Ca2+ channels, and as such 

was suggested to function as an inhibitor of CB1R constitutive activity (Niehaus et al., 2007).  

Gene expression and immunocytochemical analyses of hippocampal tissue revealed that CRIP1a 

and CB1R were co-expressed in glutamatergic pyramidal neurons, and data suggest a role for 

CRIP1a in G-proteins associated with extended suppression of excitatory currents that may play 

a role in curtailing seizure activity (Ludanyi et al., 2008;Guggenhuber et al., 2015).  We reported 

that CRIP1a over-expression in striatal GABAergic neurons reduced CB1R-stimulated ERK1/2 

phosphorylation and opioid peptide gene expression (Blume et al., 2013).   

Recent studies have sought to identify the cellular mechanisms for regulation of CB1R by 

CRIP1a.  In primary neuronal cortical cultures, it was found that CRIP1a over-expression 

switched CB1R-mediated neuroprotection from an agonist to an antagonist-mediated mechanism 

(Stauffer et al., 2011).  We determined that CRIP1a over-expression in cultured N18TG2 or 

HEK293 cells was associated with reductions in CB1R G-protein-mediated signal transduction 

(Blume et al., 2015;Smith et al., 2015).  CRIP1a over-expression decreased CB1R-stimulated 

[35S]GTPγS binding to Gi3 (Blume et al., 2015), an interaction believed to involve the C-

terminal of the CB1R (Mukhopadhyay and Howlett, 2001;Mukhopadhyay et al., 2000). 

Moreover, we found that CRIP1a over-expression in CB1R-expressing HEK293 cells inhibited 

CB1R down-regulation in response to prolonged agonist occupancy (Smith et al., 2015), while 

genetic deletion of β-arrestin2 inhibited CB1R down-regulation in mice (Nguyen et al., 2012).  

These findings led us to hypothesize that CRIP1a could also influence the interaction of the 

CB1R with β-arrestins, known to function in internalization via the CB1R C-terminal (Hsieh et 

al., 1999;Daigle et al., 2008).  In the present study, we demonstrate that CRIP1a and β-arrestins 
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both are co-immunoprecipitated in a complex with CB1Rs, but not in a complex with each other, 

suggesting competition for interaction with the CB1R.  We provide fluorescence microscopy 

evidence that CB1R agonist-induced redistribution of both β-arrestin and GFP-CB1R are 

significantly attenuated by over-expression of CRIP1a, suggesting that CRIP1a may functionally 

interfere with the mechanisms of clathrin- and dynamin-dependent internalization.  Peptides 

mimicking the CB1R C-terminus could bind to both CRIP1a in cell extracts as well as purified 

recombinant CRIP1a.  These peptides competed for the CB1R-CRIP1a complex in co-

immunoprecipitation studies.  Phosphorylation of these peptides reduced binding to CRIP1a, but 

increased the competition for the CB1R association with β-arrestin in co-immunoprecipitation 

complexes.  Taken together, these studies provide evidence that the CB1R accessory protein 

CRIP1a competes with β-arrestin binding to critical sites in the CB1R, and serves to functionally 

attenuate agonist-mediated β-arrestin redistribution.  These novel findings suggest a functional 

influence of CRIP1a on agonist-driven CB1R internalization.   
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Materials and Methods 

 

Materials 

      The National Institute of Drug Abuse drug supply program kindly provided CP55940 ((-)-

cis-3R-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4R-3(3-hydroxypropyl)-

1Rcyclohexanol).  Tetrahydrolipstatin (THL, orlistat) was purchased from Cayman Chemical 

(Ann Arbor, MI). Chlorpromazine, carbachol and D-ala2-D-leu5-enkephalin were purchased 

from Sigma-Aldrich (St. Louis, MO), dynasore (3-hydroxynaphthalene-2-carboxylic acid (3,4-

dihydroxybenzylidene)hydrazide) was purchased from Tocris Biosciences (Minneapolis, MN), 

and the GRK2 inhibitor (methyl 5-[2-(5-nitro-2-furyl)vinyl]-2-furoate) was purchased from 

EMD Millipore (Billerica, MA).  The following antibodies were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA): anti-β-arrestin1/2 (A-1), anti-β-arrestin1 (N-19), anti-β-

arrestin2 (B-4), anti-CB1R (N-15), anti-CB1R (H-150), and anti-CRIP1a (K-12).  We previously 

reported the generation and specificity of a rabbit CRIP1a polyclonal antibody (D20) developed 

against amino acids D20-F32 of human CRIP1a (Blume et al., 2013). Nitrocellulose membranes, 

Odyssey blocking buffer, and secondary IR dye-conjugated antibodies (800CW goat anti-rabbit, 

800CW goat anti-mouse, 800CW donkey anti-goat, 680CW donkey anti-rabbit, 680CW donkey 

anti-goat, and 680CW donkey anti-mouse) were from LI-COR Biosciences (Lincoln, NE).  

Alexa Fluor 350 goat anti-mouse IgG (A-11045) and Prolong Gold Anti-fade reagent were from 

Life Technologies (Grand Island, NY).   

 

Cell culture and immunocytochemistry determination of CB1R internalization 

We previously reported the development and characterization of stable CRIP1a over-

expression (XS-1 and XS-5) and siRNA-knockdown (KD-2C and KD-2F) N18TG2 

neuroblastoma clones (passage numbers 30–38) (Blume et al., 2015;Smith et al., 2015).  WT, 
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empty-vector control, and transgenic clones were maintained at 37°C under a 5% CO2 

atmosphere in Dulbecco's Modified Eagle's Medium (DMEM):Ham's F12 (1:1) complete with 

GlutaMax, sodium bicarbonate, and pyridoxine-HCl, supplemented with penicillin (100 units/ml) 

and streptomycin (100 μg/ml) (Gibco Life Technologies, Gaithersburg, MD) and 10% heat-

inactivated bovine serum (Gemini Bioproducts, West Sacramento, CA).   

CB1R cell surface density and internalization were quantified using a 96-well format “On-

cell-Western” immunocytochemistry assay, as previously reported (Blume et al., 2016;Smith et 

al., 2015;Blume et al., 2015;Miller, 2004).  N18TG2 cells have been reported to synthesize the 

full agonist endocannabinoid 2-AG (Bisogno et al., 1997).  To eliminate any possible effect of 2-

AG generation on CB1R-mediated signaling, cells at 90% confluency were serum-starved (18 h) 

and pretreated with the diacylglycerol lipase inhibitor THL (1 μM, 2 h) prior to stimulation with 

cannabinoid compounds.  For drug treatment assays, an aliquot of cannabinoid drug stock (stored 

at -20°C as 10 mM solutions in ethanol) or ethanol (control) was air-dried under sterile 

conditions in trimethylsilyl-coated glass test tubes, taken up in 100 volumes of 5 mg/ml fatty 

acid-free bovine serum albumin, and serially diluted before being added to cells.  Cells were 

treated with vehicle or 10 nM CP55940 at 37°C for the  indicated times, media was removed, 

and plates were placed on ice and fixed with ice-cold 1.2% phosphate-buffered formalin (15 min 

at 21-23°C), washed three times, blocked in LI-COR blocking buffer, and incubated with a 

primary antibody against the amino-terminus of CB1R (1:800).  Plates were then washed in 

phosphate buffered saline (PBS) containing 0.1% Tween-20 (PBST), and incubated 

simultaneously for 1 h with a secondary IRDye 800CW donkey anti-goat (1:1,500) and the 

nuclear stain DRAQ5 (1:5,000) (Cell Signaling) to normalize for well-to-well variations in cell 

density, and washed four times with PBST. Immunofluorescence was imaged using the LI-COR 

Odyssey, and CB1R fluorescence intensity normalized to DRAQ5.  Receptor internalization was 
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quantified as percent of cell surface immunoreactive CB1Rs relative to WT at time at 0 min 

expressed as 100%.  

 

Imaging of GFP-CB1R and β-arrestin1/2 

For imaging of transiently expressed GFP-CB1R, cells were seeded at a density of 20,000 

cells per well onto 4-well Nunc Lab-Tek II chamber slides coated with poly-D-lysine.  Cells 

were grown to ~30% confluence, the medium was replaced with serum-free and antibiotic-free 

DMEM:F12 media (400 μl) prior to Lipofectamine 2000-facilitated transfection with 1 μg of a 

pcDNA1 vector carrying the full-length CB1R N-terminally tagged with GFP preceded by a 

signal sequence from human growth hormone (SS-GFP-CB1R, provided by A.J. Irving) 

(McDonald et al., 2007).  Cells undergoing transient transfections were incubated at 37°C in a 

humidified atmosphere containing 95% air and 5% CO2 for 6 h, then washed twice and grown 

with serum-containing, antibiotic-free media for 32 h.  SS-GFP-CB1R-transfected cells were then 

serum-starved overnight (16 h) and pretreated with THL (1 μM, 2 h) prior to challenge with the 

CB1R agonist CP55940 (10 nM) for 15 min.  Immediately following drug exposure, cells were 

fixed with 4% phosphate-buffered formalin for 15 min at 21-23°C, washed four times with PBS, 

once with ultra-pure water, and then mounted with Prolong Gold Anti-fade. GFP-CB1R images 

were acquired with a Zeiss LSM510 (64x oil immersion objective; excitation at 405 nm) using 

Zen™ software.  Neuronal cells from all experimental conditions were acquired with all imaging 

parameters held constant to permit intensity comparisons. These included: excitation intensity, 

gain settings, pinhole and scan parameters.  Initial image capture settings were carefully 

established such that fluorescence emissions in all images were below saturation limits. 

For immunofluorescence of β-arrestin, cells were seeded at a density of 30,000 cells/well 

onto poly-D-lysine coated 4-well Nunc Lab-Tek II glass chamber slides, or 22 mm glass 

coverslips maintained in 6-well dishes.  Cells were grown to ~40% confluency, serum-starved 
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overnight (16 h), and pretreated with THL (1 μM, 2 h) prior to challenge with either vehicle or 

agonist for either 5 or 15 min as indicated.  Cells were fixed with 4% phosphate-buffered 

formalin for 15 min at 21-23°C, washed twice with PBS, and once for 5 min with PBS 

containing 0.3% glycine, and then permeabilized  for 10 min with 0.3% Triton X-100.  Slides or 

coverslips were then incubated in blocking buffer (PBS, 1% bovine serum albumin, 5% normal 

goat serum, 0.1% Triton X-100) for 30 min at 21-23°C, followed by anti-β-arrestin1/2 (1:200) 

overnight at 4°C.  Slides were washed four times with PBS, incubated with Alexa Fluor 405 

rabbit anti-mouse IgG (1:500) for 45 min at 21-23°C, washed five times with PBS, one time with 

ultra-pure water, and then mounted with Prolong Gold Anti-fade. β-arrestin1/2 images were 

acquired with an Olympus IX71 (40X/0.6Ph2, 0.55 NA) equipped with a Hamamatsu Digital 

CCD C8484-03G02 camera and digital image CellSens™ software.  Images were pseudo-

colored green using Adobe Photoshop.   

Quantitation of the agonist-mediated redistribution of GFP-CB1R or β-arrestin1/2 is based 

upon aggregation referred to as punctae (such as in clathrin-coated pits/vesicles), which creates 

enhanced pixel intensity relative to diffuse staining. This is conceptually comparable to 

fluorescent βarr2-GFP aggregate analyses in which the primary assay read-out was fluorescent 

spots representing pits or vesicles per cell (Kotsikorou et al., 2011).  To quantify changes in 

fluorescence intensity, analyses of the unmodified images were performed using NIH Image J for 

GFP-CB1R  and by CellSens™ software for β-arrestin1/2 images.  The average pixel intensity 

after subtraction of background was obtained for each cell “region of interest” in a field and 

averaged to yield the results for the groups within each individual experiment. By a second 

method used for β-arrestin1/2 analysis, the number of pixels was obtained for each cell “region 

of interest” in a field using the Olympus Cell-SensTM image acquisition software.  To determine 

total pixels per cell, the software sliding scale was used to set the minimum fluorescence 

intensity value as that calculated to be the background for each field, and the maximum 
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fluorescence intensity was allowed to be determined by the imaging software.  Then the sliding 

scale was moved to set the minimum value at the fluorescence intensity that was calculated to be 

one standard deviation above the mean for the vehicle-treated WT cells, and values above that 

were considered to be in the “high intensity fluorescence” range.  This provided the number of 

pixels within each cell “region of interest” that exhibited fluorescence in the high intensity range.  

The high intensity pixels are reported as a percent of the total pixels, and the values were 

averaged to yield the results for the groups within individual experiments.         

 

Expression, purification and characterization of recombinant CRIP1a.  

The gene from rat CRIP1a was codon-optimized for Escherichia coli by GenScript and 

subcloned into the NdeI-BamHI restriction sites of pET15b. C41(DE3) E. coli cells containing 

the expression plasmid were grown at 37 °C in LB broth containing ampicillin to an OD600 of 

~0.8 with a 10L fermentor. The temperature was then lowered to 16 °C and protein expression 

induced by the addition 0.1 mM isopropyl-β-D-thiogalactopyranoside overnight. The cells were 

harvested by centrifugation and stored at -80 °C until use. The cells were thawed and 

resuspended in 150 mL buffer A (20 mM HEPES, pH 7.9, 500 mM KCl, 5 mM imidazole, 0.1% 

Triton X-100, 10% glycerol) containing 0.1 mM of the protease inhibitors phenylmethyl-sulfonyl 

fluoride and benzamidine, 1 mM MgCl2, 40 µg/mL DNAase I. The cells were lysed using an 

Avestin EmulsiFlex-C3 cell homogenizer, and the supernatant loaded onto a 10 mL HisPur 

Cobalt Resin (Thermo Scientific) column. The column was washed with several column volumes 

of buffer B (20 mM HEPES, pH 7.9, 500 mM KCl, 5 mM imidazole) prior to a linear 5 to 500 

mM imidazole gradient in buffer B. The fractions containing CRIP1a, as visualized by SDS-

PAGE, were pooled and dialyzed overnight against 4 L of 20 mM MES pH 6.5, 10 % glycerol. 

The protein was then loaded onto a Sepharose HP column equilibrated with the same buffer. The 

protein was eluted using a linear gradient of the same buffer containing 1 M NaCl. The fractions 
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containing CRIP1a were pooled and 0.2 U/mg of biotinylated thrombin was added. After 

overnight incubation at 4 °C, removal of the His-tag was confirmed by MALDI MS. The protein 

was then loaded onto a Superdex 75 HiLoad column equilibrated with 20 MES pH 6.5, 100 mM 

NaCl, 10 % glycerol. The fractions containing CRIP1a were pooled, concentrated to 9 mg/ml, 

aliquoted, and flash frozen with liquid N2 for storage at -80 °C. For some experiments CRIP1a 

was dialyzed into the same buffer without the presence of glycerol. The secondary structure of 

recombinant CRIP1a was assessed by circular dichroism using a Jasco 720 spectrometer and 

cuvettes with a 0.05 cm path length. Spectra from 180-250 nm were scanned in triplicate and 

averaged. The melting point of CRIP1a was determined by monitoring the molar ellipticity at 

220 nm as the temperature was increased from 20 to 85 °C. 

 

Determine binding parameters of recombinant CRIP1a and CB1R C-terminal peptides in 

physiologic solution 

Peptides containing the last 9 and 12 amino acids of the CB1R were synthesized by 

GenScript to contain a fluorescein molecule attached to the N-terminus.  These 9-mer and 12-

mer peptides were used as reporter probes for peptide-protein interactions with CRIP1a in 

fluorescence polarization anisotropy assays in a 96-well format, following procedures used 

successfully to characterize other peptides (Cushing et al., 2008;Moerke, 2009;Jonsson et al., 

2008).  Surface plasmon resonance spectroscopy utilized a Biacore T100 instrument.  An FITC-

CB1R-12-mer peptide was immune-captured by an anti-fluorescein monoclonal antibody 

covalently bound to a CM5 chip to achieve a sparse monolayer.  CRIP1a binding was detected 

by delivering increasing CRIP1a concentrations (up to 10000 nM) to both sample (immune-

captured peptide) and reference (antibody only) channels, with the resonance unit (RU) 

differences (sample-reference signals) reporting specific binding (Hantgan & Stahle, 2009). 
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CB1R and CRIP1a co-immunoprecipitation, peptide affinity pull-down, and Western 

immunoblotting procedures 

N18TG2 WT cells were grown to 80% confluence, harvested in PBS-EDTA, and cell pellets 

were resuspended in Lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25 

mM  NP40 and 5% glycerol with a protease inhibitor cocktail) on ice for 30 min.  Whole cell 

detergent lysates were collected following centrifugation at 2,500 x g at 4°C for 5 min, and 

protein concentrations were determined using the BCA assay (BioRad).  Each protein sample 

(500 μg protein) was diluted into IP buffer (100 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 

8 mM Na2HPO4, 0.1 mM EDTA, 0.01 mM NP40, pH 7.0) and immunoprecipitated with 

antibodies (1-2 μg) specific for CB1R, CRIP1a, or β-arrestin1/2 at 4°C for 18 h.  Immuno-bound 

proteins were collected with protein A/G PLUS-agarose beads (Santa Cruz), sedimented at 

10,000 x g for 5 min at 4°C, washed three times with ice-cold IP buffer, and heated in Laemmli's 

sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.002% bromophenol blue, 

710 mM β-mercaptoethanol; 65 °C for 10 min).  Eluted proteins were separated from agarose 

beads by centrifugation at 10,000 x g for 5 min at 4°C, and supernatants were analyzed by 

Western blotting.   

      For pull-down assays, peptides representing the last 16 residues (149-164) of the C-terminal 

of CRIP1a, the last 14 residues (460-473) of the C-terminal of CB1R, or the CB1R C-terminal 14-

mer peptide phosphorylated at threonine 468, were each synthesized with an N-terminal cysteine 

residue (purity ≥ 98%) (GenScript), and immobilized onto agarose beads through irreversible 

thioether bonds (Pierce SulfoLink Immobilization kit).  Immobilized peptide beads were 

incubated overnight with whole cell NP40 detergent lysates (500 μg protein) from N18TG2 WT 

cells.  The agarose-peptide complex was then centrifuged at 1,000 x g for 5 min at 4°C, and was 

washed four times with PBS.  Proteins were eluted with 0.1 M glycine-HCl (pH 2.8), 
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immediately neutralized on ice with 1 M Tris-HCl (pH 9), and centrifuged at 10,000 x g for 5 

min at 4°C.  Eluted proteins (supernatant) were then subjected to Western blotting.  β-arrestin 

proteins were detected with antibodies specific for the N-terminus 19 residues of human β-

arrestin1 or an antibody against the C-terminal residues 385-408 residues of human β-arrestin2 

(Santa Cruz Biotechnology product datasheets). 

For CB1R C-terminal peptide competition co-immunoprecipitation, peptides were 

synthesized (GenScript) with or without phosphorylation on the underlined amino acids:  

Central:  TAQPLDNSMGDSDCLHKH; Distal: VTMSVSTDTSAEAL.  N18TG2 whole cell 

detergent lysates (300 μg protein) were incubated with a final concentration of 3 μM peptide in 

IP buffer for 1.5 h at 4oC.  After reaching equilibrium, the mixture was incubated overnight with 

agarose beads conjugated to CB1R antibodies (rabbit, H-150, Santa Cruz).  Immuno-bound 

proteins on agarose beads were sedimented at 10,000 x g for 5 min at 4°C, washed three times 

with ice-cold IP buffer, and boiled in Laemmli's sample buffer and resolved by SDS-PAGE.  

For Western blotting, proteins denatured and reduced in Laemmli sample buffer were 

resolved on gradient SDS-PAGE gels (4-20%; Bio-Rad) at 21-23oC for 1 h at 150 volts.  Proteins 

were transferred to nitrocellulose membranes in Towbin's buffer at 4°C for 8 h at 20 volts.  Blots 

were rinsed for 5 min with PBS, blocked for 60 min with LI-COR blocking buffer, and then 

incubated with primary antibodies at 4°C for 18 h: CB1R (1:750), CRIP1a D20 (1:500), CRIP1a 

K-12 (1:500), β-arrestin1/2 (1:500), β-arrestin1 (1:500), or β-arrestin2 (1:500).  Blots were 

washed four times with PBST, incubated with an appropriate IR dye-conjugated secondary 

antibody (1:10,000) for 1 h at 21-23°C (800CW goat anti-rabbit, 800CW donkey anti-goat, 

680CW donkey anti-rabbit, 680CW donkey anti-goat (LI-COR)), and washed three times with 

PBST followed by one wash with PBS. Some studies used a Quick Western Kit (LI-COR), using 

a 1:500 primary antibody in LI-COR blocking buffer with 0.2% Tween and LI-COR IR Dye 
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680RD.  Bands on immunoblots were imaged and quantified by densitometry using Odyssey 

Infrared Imaging System software (LI-COR Biosciences, Lincoln, NE, USA). 

 

Statistical analyses 

     Statistical differences were determined using Student’s t-test for comparison of two 

independent variables, or one-way or two-way ANOVA and either Bonferroni or Dunnett’s post-

hoc test for experiments comparing two or more sets of independent variables.  Statistical 

analyses were conducted using GraphPad Prism VI (GraphPad Software).  Data shown are mean 

± SEM values, and were considered significant when the p value ≤ 0.05.  
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Results  

The cytoplasmic tail of CB1R is a key regulator of G-protein binding, desensitization, and 

cellular trafficking (see reviews (Howlett, 2009;Stadel et al., 2011).  Studies of exogenously-

expressed CB1R indicate that the CB1R distal C-terminus is required for agonist-mediated CB1R 

internalization (Hsieh et al., 1999;Daigle et al., 2008).  In HEK293 cells, phosphorylation of a 

cluster of 4-6 serine and threonine residues at the CB1R C-terminus, presumed to be by GRKs or 

cell signaling kinases such as protein kinase C (PKC), is an important prerequisite step in the 

rapid (1-5 min) recruitment of β-arrestin2 to activated CB1Rs and CB1R internalization (Daigle 

et al., 2008;Gyombolai et al., 2013).  Inasmuch as CRIP1a also binds to the CB1R distal C-

terminal (Niehaus et al., 2007), we investigated the interactions between CRIP1a, β-arrestin and 

the CB1R. 

 

CRIP1a competes for interaction of β-arrestin1/2 with CB1R. 

We performed immunoprecipitations to determine protein association between CB1R and 

CRIP1a or β-arrestin1/2.  CB1R, β-arrestin1/2 and CRIP1a were immunoprecipitated from 

N18TG2 whole cell NP40 lysates, and the immunoprecipitated protein plus those proteins 

associated in a complex with it were identified by Western blotting.  The antibodies for CB1R 

and CRIP1a target epitopes that are distant from the predicted protein binding domains, and 

these have previously been characterized for their capacity for immunoprecipitation and Western 

blotting (Blume et al., 2013;Blume et al., 2015;Mukhopadhyay and Howlett, 2005;Howlett et al., 

1998).  The antibody used for β-arrestin immunoprecipitation was a mouse monoclonal antibody 

generated to the N-terminal human β-arrestin1 (residues R6 to D290), and recognizes both β-

arrestin1 and β-arrestin2 from multiple species (Santa Cruz, Biotechnology Product Data Sheet). 

This antibody has previously been characterized for Western blotting and co-

immunoprecipitation of 7-transmembrane and other receptors (Burns et al., 2014;Daniele et al., 
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2014;Por et al., 2012;Zappelli et al., 2014).  We found that CB1R could be observed in an 

immune complex precipitated by either CRIP1a or β-arrestin1/2 antibodies (Fig. 1A,B upper 

panel).  β-arrestin1/2 (Fig. 1A,B middle panel) and CRIP1a (Fig. 1A,B lower panel) were found 

in an immune complex precipitated by CB1R antibodies.  However, immunoprecipitation using a 

CRIP1a antibody failed to show immune-staining for β-arrestin1/2 (Fig. 1, middle panel).  

Furthermore, immunoprecipitation using a β-arrestin1/2 antibody failed to show immune-

staining for CRIP1a (Fig. 1, lower panel).  The lack of β-arrestin1/2 and CRIP1a co-

immunoprecipitation suggests that these two proteins do not exist simultaneously in a complex 

with each other or with CB1R in N18TG2 NP40 lysates.  However, an alternative interpretation 

is that CRIP1a might bind to a CB1R-β-arrestin1/2 complex at the same site as the antibody, 

thereby creating a steric interference in the ability of the antibody to precipitate the protein 

complex. Control immunoprecipitations with non-immune IgG failed to yield an interaction with 

either of the proteins examined.  These results led us to propose a role for CRIP1a in modulating 

the ability of CB1R to interact with β-arrestin.   

 

Functional ramifications of CRIP1a competition for β-arrestin binding  

To determine the influence of CRIP1a on agonist-mediated CB1R redistribution, we 

examined WT, empty-vector control, and CRIP1a XS cells that were transiently transfected with 

N-terminally tagged green fluorescent protein-CB1R fusion protein (GFP-CB1R) (Fig. 2A).  

Confocal microscope images taken along the membrane near the point of contact with the 

surface illustrate relatively diffuse fluorescence distribution of GFP-CB1R under basal conditions 

48 h after transfection. At this post-transfection stage, the GFP-CB1R fluorescence has migrated 

away from the source at the perinuclear Golgi-ER complex.  Interestingly, CRIP1a XS cells 

appeared to exhibit some punctae fluorescence along the soma (not located at the perinuclear 

Golgi-ER complex) (Fig. 2A, top panel); however, this increase was not statistically different 
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(p=0.06) from WT (Fig. 2B). The clustering of GFP-CB1R in the CRIP1a XS cells prior to 

agonist stimulation is a phenomenon that will require greater investigation, as data from our 

studies of exposure to agonist ligands suggests that CRIP1a could play an inhibitory role in 

trafficking of the CB1R to the plasma membrane (Blume et al., 2016).   Exposure to CP55940 

(10 nM, 15 min) resulted in a pronounced redistribution of GFP-CB1R fluorescence into discrete 

punctate aggregates along the membrane surface in WT and empty-vector control cells.  Fig. 2B 

shows quantification of average pixel intensity per cell, which increased 3- to 4-fold in response 

to CP55940 in WT and empty-vector control cells.  The average pixel intensity for GFP-CB1R 

fluorescence evoked by CP55940 in CRIP1a XS cells was significantly lower than WT. We 

interpret this to mean that CRIP1a over-expression significantly reduced agonist-mediated GFP-

CB1R redistribution into high intensity fluorescence aggregates. 

The distal C-terminus of the CB1R has been implicated as a region critical for regulating 

agonist-mediated receptor internalization (Daigle et al., 2008;Hsieh et al., 1999;Singh et al., 

2011).  For GPCRs, the canonical pathway for internalization includes a GRK-mediated 

phosphorylation, β-arrestin mobilization to the site of phosphorylated GPCRs, accumulation via 

clathrin-coated pits, and cleavage to clathrin-coated vesicles by dynamin (Drake et al., 

2006;Hanyaloglu and von Zastrow M., 2008).  GRK2 holds a prominent role in phosphorylation 

of some GPCRs by interaction with the βγ dimer following agonist-dependent dissociation of the 

G-protein heterotrimer (Penela et al., 2003).  As a control experiment to demonstrate that the 

CB1R can utilize this pathway in N18TG2 cells, we quantitated endogenously-expressed CB1R 

on the cell surface before and after treatment of cells with the CB1 agonist CP55940 for 5 min.  

In Fig. 2C, we demonstrate that agonist treatment led to a statistically significant 33% diminution 

of extracellular surface CB1Rs.  We confirmed the importance of clathrin in the process by 

application of chlorpromazine at a concentration shown to effectively inhibit clathrin 

internalization (Wang et al., 1993;Rejman et al., 2005).  We confirmed the importance of 
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dynamin using dynasore, a dynamin inhibitor that selectively blocks dynamin-mediated 

internalization at two steps in the process (Kirchhausen et al., 2008;Macia et al., 2006).  In the 

presence of these internalization process inhibitors, there was no significant diminution in cell 

surface CB1R after treatment with CP55940.  The GRK2 inhibitor resulted in only a minor 

decrement (not statistically significant) in agonist-mediated cell surface CB1R diminution in 

N18TG2 cells.  However, we determined that the N18TG2 neuronal cell line expresses multiple 

GRKs (2 through 6) using a Western blot screen (Howlett and Kabler, data not shown).  This 

suggests that alternate GRKs (e.g., GRK3 (Jin et al., 1999)) or other cell signaling kinases (Lee 

et al., 2003;Garcia et al., 1998;Asimaki and Mangoura, 2011) that have been implicated in 

agonist-mediated modifications of the CB1R may play a determinant role in the phosphorylation 

of CB1R.  

To determine whether CRIP1a could affect agonist-promoted redistribution of β-arrestins, we 

utilized the β-arrestin1/2 antibody that we had characterized for its ability to detect a CB1R-β-

arrestin immune complex (Fig. 1).  Under basal conditions (16 h serum-starvation and blockade 

of 2-AG biosynthesis, vehicle-treated), we observed a diffuse immunofluorescence staining 

pattern in all cell lines (Fig. 3A, top panel).  The average pixel intensity per cell of β-arrestin1/2 

was not different between cells expressing endogenous levels (WT or empty-vector control), 

over-expression, or knock-down of CRIP1a (Fig. 3B).  A 5-min exposure to CP55940 (10 nM) 

promoted a redistribution of β-arrestin1/2, resulting in discrete punctate staining in WT and 

empty-vector control N18TG2 clones (Fig. 3A, bottom panel).  In contrast, CRIP1a XS clones 

displayed a reduced agonist-dependent redistribution of β-arrestin1/2 compared with WT or 

control cells.  CRIP1a KD clones exhibited a pronounced increase in β-arrestin1/2 punctate 

staining relative to WT cells (Fig. 3A, bottom panel).  Quantification of average pixel intensity 

per cell of β-arrestin1/2 immunofluorescence confirmed that CRIP1a over-expression 

significantly reduced, whereas CRIP1a depletion significantly augmented the CP55940-
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stimulated redistribution of β-arrestin1/2 relative to WT (Fig. 3B,C).  This redistribution appears 

to be due to greater intensity per pixel rather than to an increased number of pixels contributing 

to the high intensity (i.e., greater than basal) fluorescence (Fig.3C). As a negative control, WT 

cells transiently transfected with enhanced-GFP (eGFP), a soluble protein, showed diffuse 

cellular staining and the eGFP was not responsive to agonist treatment by forming the 

characteristic aggregates (data not shown).  In addition, we treated N18TG2 cells with agonists 

for other Gi/o-coupled receptors (15 min): carbachol, M4 muscarinic; D-ala2,D-leu5-enkephalin, 

δ-opioid), without observing a difference between agonist-stimulated pcDNA control and 

CRIP1a-XS cells in β-arrestin1/2 average fluorescence intensity per cell except for the CP55940-

treated cells (Supplemental Fig. S1).  These studies are consistent with dose-related CRIP1a 

effects on agonist-mediated β-arrestin redistribution that parallel agonist-mediated, clathrin- and 

dynamin-dependent CB1R redistribution.  This finding supports the contention that β-arrestin 

translocation is a key step in agonist-mediated CB1R internalization (Daigle et al., 

2008;Gyombolai et al., 2013;Nguyen et al., 2012), and provides novel data suggesting that 

CRIP1a could be a physiological modulator of this response.   

 

CB1R C-terminal phosphorylation influences association with β-arrestin versus CRIP1a 

Peptides that represent domains of the CB1R have been used in the Howlett laboratory to 

discern interactions with G proteins, either by their ability to compete for receptor-G protein 

interactions (Mukhopadhyay et al., 2000;Mukhopadhyay and Howlett, 2001;Mukhopadhyay and 

Howlett, 2005), or their ability to promote cellular signaling (Howlett et al., 

1998;Mukhopadhyay et al., 1999;Mukhopadhyay and Howlett, 2001).  Deletion mapping of the 

C-terminus of CB1R identified the distal nine residues as the minimal domain needed to bind 

CRIP1a (Niehaus et al., 2007).  In order to determine the affinity of CRIP1a to 9-mer and 12-mer 

distal CB1R peptides, CRIP1a was recombinantly expressed and purified from Escherichia coli. 
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Circular dichroism analysis of the protein supports that the protein contains ~14% α-helical 

content (Supplemental, Fig. S2A), but was quite thermostable with a melting temperature of ~56 

°C (Supplemental Fig. S2B).  

The binding of CRIP1a to the peptide was determined by two orthogonal approaches. 

Fluorescence polarization anisotropy determines the ability of the small fluorescent peptide to 

emit light that is unpolarized as the peptide exhibits a high rate of molecular rotation in solution.  

When the reporter peptide engages the much larger target protein (CRIP1a), its rate of  rotation is 

limited, and the emitted light is now more polarized (Moerke, 2009).  In an alternative 

procedure, the surface plasmon resonance determined the refractive index of a light source 

reported as a change in angle upon binding of the two biomolecules (Wilson, 2002;Tanious et al., 

2008;Piliarik et al., 2009;Hantgan et al., 2008).   Supplemental Fig. S3 shows the equilibrium 

binding of CRIP1a at increasing concentrations to FITC-12-mer peptide (Kd=3.4±3.6 µM), and 

the surface plasmon resonance equilibrium binding of CRIP1a when passed over a surface of an 

immunocaptured fluorescein-labelled CB1R distal C-terminus 12-mer peptide (Kd= 6.8±4.1 µM).   

Relative affinities from both procedures are in agreement that the peptide binds in the µM range 

in aqueous solution.  

We hypothesized that phosphorylation of the distal CB1R C-terminus could alter the 

association of CRIP1a with CB1R.  Affinity pull-down assays indicate that CRIP1a from whole 

cell lysates of N18TG2 WT cells binds to a CB1R distal C-terminal (residues 460-473) peptide 

(Fig. 4A, lane 2).  We have also demonstrated that recombinant CRIP1a (see Supplement Fig. S2 

and S3) also binds to this peptide in affinity pull-down assays (Blume, Lowther, Kabler and 

Howlett, unpublished observations).  The C-terminus of CRIP1a (149-164) was not able to bind 

to CB1R or CRIP1a (Fig. 4B, lane 3), indicating that the distal C-terminus of CRIP1a is not 

required for its interaction with CB1R, nor capable of interacting in complexes containing 

endogenously expressed CRIP1a proteins.  It is interesting to note that neither the CB1R distal C-
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terminal peptide nor the pT468 phosphopeptide were able to pull down the CB1R, suggesting 

that this is not a binding domain for CB1R multimerization.  

Consensus sequence and protein structural analyses (NetPhosK1.0, NetPhos2.0) predict that 

the distal C-terminus has a 94.8% probability of being phosphorylated at T468 by PKC (Blom et 

al., 2004;Blom et al., 1999).  Because T468 lies within the CB1R region required for association 

with CRIP1a, peptide affinity pull-down assays were employed to establish whether 

phosphorylation of the CB1R at T468 could impact the association with CRIP1a.  We found that 

the pull-down of CRIP1a by the pT468 phosphopeptide was reduced by 66% ± 14 compared 

with the non-phosphorylated peptide (Fig. 4B).  It can be concluded that the CB1R-CRIP1a 

interaction can be dynamically regulated by phosphorylation.   

To further explore the putative locations and the role of phosphorylation on CRIP1a and β-

arrestin binding, we used peptides and phosphopeptides mimicking the C-terminus to compete 

for the ability of CB1R to associate with CRIP1a or the β-arrestins in immune complexes. We co-

immunoprecipitated endogenously expressed CB1R and CRIP1a from whole cell lysates of 

N18TG2 WT cells with an antibody recognizing the N-terminus of CB1R (Fig. 5A, lane 3) as 

well as with a CRIP1a antibody recognizing an epitope proximal to a region proposed to interact 

with CB1R (Fig. 5A (lane 5).  This demonstrates that these antibodies are mutually effective in 

maintaining an immune complex in NP40 detergent solution.  Peptides representing a central C-

terminal 18-mer or its homolog phosphorylated at S426 and S430, or the distal C-terminus 14-

mer or its homolog phosphorylated at T468, were incubated with the N18TG2 whole cell lysates.  

After equilibrium had been established, we performed immunoprecipitations with the CB1R 

antibody, and immunoblotted to detect CRIP1a, β-arrestin1, or β-arrestin2 as shown in Fig. 5.  

The interaction of CB1R with CRIP1a was significantly reduced by competition with both the 

unphosphorylated central as well as the distal C-terminal 14-mer.  This suggests that in addition 

to the distal C-terminus, CRIP1a contacts other CB1R sites. The only peptide used in this study 
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that was able to significantly compete for the CB1R-β-arrestin1 interaction was the 

phosphorylated central domain peptide. The interaction of CB1R with β-arrestin2 was 

significantly competed by the phosphorylated pT468 distal C-terminus peptide, the non-

phosphorylated distal C-terminus 14-mer, and the phosphorylated central C-terminal peptide.  

Considered together, these data suggest that CRIP1a can interact with the CB1R at multiple C-

terminal loci in the absence of phosphorylation, whereas after phosphorylation, β-arrestin1 may 

interact with the central domain, and β-arrestin2 may interact with both domains of CB1R.  
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Discussion  

The mechanisms responsible for agonist-dependent CB1R internalization appear to involve a 

sequence of events leading to the activation of GRKs, and the subsequent phosphorylation and 

recruitment of β-arrestin2 to the C-terminus (Daigle et al., 2008;Hsieh et al., 1999;Stadel et al., 

2011).  β-arrestins play a prominent role in CB1R desensitization and internalization (Daigle et 

al., 2008;Gyombolai et al., 2013;Jin et al., 1999;Nguyen et al., 2012;Delgado-Peraza et al., 

2016). Our observation of discrete β-arrestin aggregate staining following a short (5 min) 

exposure to CP55940 confirms that CB1R activation results in cellular redistribution of β-arrestin 

(van der Lee et al., 2009).  Furthermore, our co-immunoprecipitation data demonstrate that 

CB1Rs interact directly with β-arrestin1 and β-arrestin2 in a native expression system. Our 

results demonstrate that over-expression of CRIP1a coincided with a reduction in β-arrestin1/2 

translocation, suggesting that a disruption occurs in the coupling between β-arrestins and CB1R.  

Our data that CB1R can associate with either CRIP1a or β-arrestin, but with limited binding to 

both simultaneously, supports a model of competition of these two proteins for CB1R binding. 

We demonstrated that binding competition by the distal C-terminus peptide phosphorylated at 

T468 or the phosphorylated central peptide disrupts CB1R-β-arrestin2 association; however, only 

the phosphorylated central peptide disrupts the CB1R-β-arrestin1 association. The finding that 

non-phosphorylated peptides from both the central and distal CB1R C-terminus compete for the 

CRIP1a-CB1R association suggests that the interaction surface is greater than the distal terminus 

as was first proposed (Niehaus et al., 2007).  These findings not only identify the receptor locus 

of interaction, but also demonstrate that the phosphorylation state is critical to directing protein 

interaction with the CB1R.   

In previous studies (Blume et al., 2015), we found by using an antibody-targeted scintillation 

proximity [35S]GTPγS binding assay, that CRIP1a over-expression elucidated a switch in Gi/o 

subtype preference.  Activation of Gi3 and Go subtypes was reduced by CRIP1a over-
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expression, whereas activation of Gi1 and Gi2 subtypes was increased.  If Gi3and Go are more 

efficacious regulators of cellular signal transduction than are Gi1and Gi2, then CRIP1a would 

have a functional impact on cellular signaling.  A cycle of activity initiated by agonist occupancy 

of the CB1R-Gi protein complex is expected to result in Gi dissociation, GRK-phosphorylation 

and β-arrestin-mediated internalization.  Thus, we cannot rule out the possibility that if CRIP1a 

bound to the CB1R precludes a CB1R-Gi3 or Go complex, then a subsequent phosphorylation 

and interactions with β-arrestin might not be initiated. In studies of the agonist-mediated 

depletion of cell surface CB1R, we found that CRIP1a over-expression prevented CB1R 

internalization (Blume et al., 2016).  This finding is completely consistent with a competition by 

CRIP1a for a binding site for β-arrestin on the CB1R C-terminal, and the amelioration of the β-

arrestin-mediated internalization processes.  

Reports are unclear regarding β-arrestin subtype binding to CB1R C-terminal sites to initiate 

the internalization process.  In our previous study (Smith et al., 2015), CRIP1a over-expression 

attenuated CB1R down-regulation but not desensitization of G-protein activation induced by 

prolonged agonist exposure.  Evidence suggests that the distal C-terminus mediates CB1R 

internalization required for CB1R down-regulation (Daigle et al., 2008;Jin et al., 1999;Martini et 

al., 2007), but that central CB1R C-terminal sites are required for desensitization (Daigle et al., 

2008;Jin et al., 1999;Morgan et al., 2014).  Gyombolai and colleagues recently reported that β-

arrestin2 is required for agonist-induced, but not the constitutive, internalization of CB1R in 

Neuro2A and HeLa cells (Gyombolai et al., 2013).  Bakshi and colleagues reported a 

conformational change in a phosphorylated, central C-terminal CB1R peptide following β-

arrestin1 binding (Bakshi et al., 2007), but those studies did not investigate the internalization 

function.  Studies of Delgado-Peraza and colleagues (Delgado-Peraza et al., 2016) utilized an 

S426A/S430A mutated CB1R expressed in HEK cells to investigate cellular signaling via β-

arrestin pathways.  Their studies suggested that internalization is dependent upon β-arrestin2 
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(Ahn et al., 2013;Flores-Otero et al., 2014), whereas sustained ERK phosphorylation is 

dependent upon β-arrestin1(Delgado-Peraza et al., 2016).  These authors demonstrated that the 

non-phosphorylated central domain S426A/S430A mutation decreases recruitment of β-arrestin2 

as well as internalization compared with WT CB1R.  They noted that although there was no 

difference from WT in the recruitment of β-arrestin1 by the S426A/S430A mutant receptor, there 

was an increase in the prolonged ERK phosphorylation by β-arrestin1 (Delgado-Peraza et al., 

2016;Flores-Otero et al., 2014). These data contrast with our demonstration of displacement of β-

arrestin1 as well as β-arrestin2 from the CB1R by the competing central domain phosphopeptide.  

Our data indicate that, when not phosphorylated ,this domain can be occupied by CRIP1a.   

A question that the present data elicits is whether β-arrestin1 or β-arrestin2 would be 

functionally silenced by the presence of CRIP1a, and how that functional silencing would affect 

the β-arrestin signalosome.  In addition to the GRK family proteins that mediate receptor 

phosphorylation patterns that regulate specificity in β-arrestin subtype binding (Dewire et al., 

2007;Liggett, 2011), it is plausible that CRIP1a binding would regulate not only CB1R 

internalization but also the cellular signaling functions of the β-arrestins.  The crystal structure of 

the visual arrestin-rhodopsin complex indicates that arrestin interacts at multiple sites on the 

receptor including intracellular loops 2 and 3, and transmembrane helices 5,6, 7, and helix 8 in 

addition to the C-terminus (Kang et al., 2015;Kang et al., 2016).  These studies of β-arrestin 

functioning suggest that the protein can bind to GPCRs either as a “hanging” conformation or a 

“core binding conformation”.  One very interesting recent finding is that the “hanging” 

conformation can accommodate the concurrent GPCR interactions with G-protein subunits, 

thereby allowing continued G-protein signaling due to “super-complexes” of signaling proteins 

localized on internalized endosomes (Thomsen et al., 2016).  This finding begs the question of 

whether CRIP1a binding might be compatible with β-arrestin1 or β-arrestin2 binding if it occurs 

at an alternative site. 
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Overall these findings identify a novel function for CRIP1a in regulating agonist-promoted 

β-arrestin interaction with CB1Rs.  We propose that CRIP1a interferes with β-arrestin 

recruitment to agonist-activated CB1Rs and subsequent β-arrestin-mediated internalization.  

Contemporary drug development strategies are seeking compounds that exhibit biased agonism 

by which a ligand can promote selective interaction of a 7-transmembrane receptor with either a 

G-protein or β-arrestin to promote specific cellular signaling pathways.  The ability of CRIP1a to 

selectively modulate CB1R interaction with defined subtypes of Gi/o proteins (Blume et al., 

2015), as well as β-arrestin subtypes (demonstrated here), offers an alternative and potentially 

promising approach to the development of novel, selective CB1R pharmacotherapies. For 

example, using peptides to block a protein functional site is a strategy that could preclude a 

protein-protein interaction.  Peptides binding to CRIP1a at its CB1R-binding locus would thereby 

increase the probability of functional interactions between β-arrestin and the CB1R C-terminal 

domains.  Computational modeling has predicted structure based upon the primary sequence 

((Ahmed et al., 2014) and unpublished data, Singh, Howlett and Cowsik), but the complete 

structure has yet to be identified.  Subsequent structural determinations of the protein-protein 

surface interactions will need to be accomplished in order to rationally design high affinity 

competitive peptides to functionally silence the endogenous CRIP1a for pharmacotherapeutic 

purposes.   
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Figure Legends 

Figure 1.  CB1R associates in complexes with β-arrestin-1/2 and CRIP1a, but β-arrestin-1/2 

and CRIP1a do not associate in complexes with each other.  A, Representative Western blots 

of immunoprecipitation protein complexes (IP) from N18TG2 WT whole cell NP40 lysates to 

show the abundance of 5% input as a reference to determine the relative amount of each protein 

in the complex and to confirm the mobility of the bands detected by the immunoblotting 

antibodies (lanes 1 of each panel).  Lysates were immunoprecipitated with antibodies against the 

CB1R N-terminus, β-arrestin1/2, an internal region of CRIP1a, or a pre-immune IgG as negative 

control (-), as indicated above each lane.  Immunocomplex proteins were resolved on SDS-

PAGE as described in Materials and Methods, and immunoblotted (IB) with antibodies against 

the CB1R (top); β-arrestin1/2 (middle), or CRIP1a (bottom).  B, Quantification of 

immunoprecipitation complexes resolved on Western blot.   For each immunoblotted protein 

panel, the band density of immunoprecipitated protein is represented as 100%, and the densities 

of bands that were co-immunopreciptated in a complex with other proteins are presented relative 

to 100%.  Data were calculated as the mean ± S.E.M. from 3 independent experiments;  = 

indicates not significantly different from 0 (background) by Student t-test. 

Figure 2.  CRIP1a over-expression attenuates agonist-induced GFP-CB1R redistribution in 

N18TG2 cells.  A, Visualization of the redistribution of GFP-CB1R by confocal microscopy.  

N18TG2 WT, empty vector Control, and CRIP1a XS cells were transiently transfected with N-

terminal GFP-CB1R, as described in Materials and Methods, and treated with vehicle or 

CP55940 (10 nM) for 15 min; scale bar, 10 μm. B, Quantification of GFP-CB1R aggregates 

following 15 min treatment with vehicle or CP55940 (10 nM).  The average pixel intensity per 

cell (11 to 15 cells) was averaged for each experimental group.  Data are reported as the mean ± 

SEM from three independent experiments and statistical comparisons were made using two-way 

ANOVA and  Student’s t-test.  *p<0.05 indicates a significant difference between vehicle and 
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CP55940-treated; # p<0.05 indicates a significant difference from CP55940-treated WT.  C, 

Agonist-driven internalization of endogenously expressed surface CB1R in N18TG2 cells is 

dependent upon clathrin, dynamin and partially dependent on GRK2.  N18TG2 WT cells were 

pre-treated for 15 min with vehicle (DMSO) or inhibitors of clathrin (chlorpromazine, 25 μM), 

dynamin (dynasore, 80 μM), or GRK2 (1 μM), and then challenged with the CB1R agonist 

CP55940 (10 nM) for 5 min.   Quantification of CB1R cell surface expression was determined 

using an On-cell-Western immunohistochemical method as described in Materials and Methods.  

CB1R surface expression was determined as the ratio of immunoreactive CB1R to DRAQ5 

(nuclear stain), which was expressed as a 100% for vehicle.  Data are expressed as mean ± SEM 

from three independent experiments performed in duplicate, and statistical comparisons were 

made using one-way ANOVA with Dunnett’s post-hoc test.  *** p<0.005; * p<0.05 indicates 

significant difference between no drug versus CP55940-treated groups;  # p<0.05 indicates 

significant difference between CP55940 vehicle versus CP55940 plus a clathrin inhibitor or a 

dynamin inhibitor. 

Figure 3.  CB1R agonist-mediated redistribution of β-arrestin1/2 is influenced by CRIP1a.  

A, Visualization of the redistribution of β-arrestin1/2 by immunofluorescence microscopy.  

N18TG2 WT, empty vector control, CRIP1a XS and CRIP1a KD cells were treated for 5 min 

with vehicle or CP55940 (10 nM); scale bar, 10 μm.  B, Quantification of β-arrestin1/2 staining 

after 5 min treatment with vehicle or CP55940 (10 nM).    B, Quantification of β-arrestin1/2 

staining after 5 min treatment with vehicle or CP55940 (10 nM).    Data are shown as average 

pixel intensity per cell after subtracting the background, from a total of 29 to 44 cells evaluated 

for each treatment group. The values were averaged for each treatment group, and reported as the 

mean ± SEM from n=3 independent experiments. Statistical analysis was performed using 2-way 

ANOVA and Bonferroni multiple comparisons test.  No significant differences in vehicle-treated 

samples were observed between WT, control, CRIP1a XS, and CRIP1a KD clones.  *p<0.05 
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indicates a significant difference between vehicle and CP55940-treatment.  ## p<0.01, ### 

p<0.001 indicates significant difference from CP55940-treated WT.  C. Quantification of pixels 

in the high intensity range as a fraction of total pixels.  Using CellSensTM software, the total pixel 

number emitting fluorescence were determined after the sliding scale bar had been set to a 

minimum that was equivalent to the background.  To determine the number of pixels emitting 

fluorescence in the high intensity range, we arbitrarily defined high intensity as “above the 

population of basal”.  We calculated this non-basal average intensity level to be one standard 

deviation above the mean of the average pixel intensity of all the vehicle-treated control cells 

(see grayed area at the bottom of the bars in Fig. 3B).  The sliding scale bar was moved to bring 

the minimum up to the non-basal level, and the number of pixels emitting fluorescence in this 

high-intensity range was determined.  The ratio of high intensity (i.e., above basal) pixels to total 

(i.e., above background) pixels was calculated as a percent.     

Figure 4.  Pulldown of CRIP1a by a CB1R distal carboxy terminus peptide is attenuated by 

phosphorylation.  A, Pull-down of proteins using agarose beads coupled to peptides 

corresponding to the CB1R C-terminus, T468-phosphorylated CB1R C-terminus, or CRIP1a C-

terminus.  Bound proteins were washed, eluted, and subjected to immunoblot analysis as 

described in Materials and Methods.  B, CB1R C-terminus phosphorylation disrupts peptide 

association with CRIP1a.  Quantification of CRIP1a immunoblot band densities is presented as 

binding to the non-phosphorylated CB1R expressed as 100%.  Data are calculated from three 

independent experiments, and are expressed as the mean ± SEM.  * p<0.001 indicates significant 

difference from non-phosphorylated peptide using Student’s t test.   

Figure 5. Competition by peptides representing CB1R C-terminal central or distal domains 

for immunoprecipitated CB1R-CRIP1a protein complexes.  A, Representative Western blot of 

an immunoprecipitation (IP) experiment performed on whole cell NP-40 lysates from N18TG2 

cells, using antibodies targeting the N-terminus of CB1R, an internal region of CRIP1a (D20-
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F32), or a preimmune IgG as negative control.  Immunocomplexes were resolved and 

immunoblotting (IB) was performed as described in Materials and Methods.  The input shows an 

aliquot of 5% of whole cell NP40 lysate used for each experiment, and serves as a reference to 

determine the relative amount of each immunoprecipitated complex and the relative mobility of 

the proteins in the native lysate.  B, Helical amino acid depiction of CB1R’s C-terminal domain 

representing regions corresponding to Central and Distal CB1R peptides, and putative regions for 

internalization and desensitization.  C, Peptides representing the Central or Distal C-terminal 

domains, either non-phosphorylated or phosphorylated (see Materials and Methods), were 

incubated with NP40 whole cell extracts as described in Materials and Methods.  

Immunopreciptations were performed using an antibody to the CB1R N-terminal, washed, and 

eluted proteins from the immunoprecipitated complex were subjected to SDS-PAGE.  

Immunoblotting was performed with antibodies specific for CRIP1a, β-arrestin1 or β-arrestin2, 

and band densities were determined as relative to the band density of the vehicle control in the 

absence of peptides as 100%.  The data are mean ± SEM (n=4 to 7 independent experiments); 

* p<0.05; ***p<0.001 indicates significant difference from vehicle using one-way ANOVA with 

Dunnett’s post-hoc test.   
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Figure S1 Intensity of β-Arrestin1/2 in cells treated with GPCR agonists: CP55940 (CB1), 

carbachol (M4 muscarinic) and DADLE (δ-opioid). 

 

N18TG2 cells were plated onto glass coverslips coated with poly-D-lysine, and maintained in 

6-well dishes, as described in the Materials and Methods section. Cells were serum-starved 

overnight (16 h), pretreated with THL (1 μM, 2 h) prior to challenge with either vehicle, 

CP55940 (10 nM), carbachol (1 mM) or D-ala2-D-leu5-enkephalin (DADLE) for 15 min.  Cells 

were fixed with 4% phosphate-buffered formalin and stained with anti-β-arrestin1/2 followed by 

Alexa Fluor 405 rabbit anti-mouse IgG as described in Materials and Methods.  Images were 

acquired with an Olympus IX71 (40X/0.6Ph2, 0.55 NA) equipped with a Hamamatsu Digital 

CCD C8484-03G02 camera.  A total of 58 to 111 cells were counted in each treatment group. 

A. Quantitation of the agonist-mediated redistribution of β-arrestin1/2 was obtained using 

CellSens
TM

 software.  Background was determined from regions of the image that contained no 

cells, and the minimum was adjusted to that background level to obtain the mean fluorescence 

intensity of the cells in the field.  Data were normalized to the vehicle as 100% and the mean and 

SEM were calculated for n=4 experiments. 

A B 

* * 



B. Quantitation of the agonist-mediated redistribution of β-arrestin1/2 was obtained using NIH 

Image J software analysis of unenhanced images.   Images were converted to 16-bit grayscale, 

and cells were resolved with threshold pixel intensities set to 30-50 (lower) and  255 (upper).  

The mean gray pixel value was obtained by measuring the cells as particles and dividing the 

integrated density by the area of each cell particle for each individual cell in each treatment 

group.  Intensity values per cell area were averaged for all cells per treatment group per 

experiment.  The data from each treatment group were normalized to untreated control as 100% . 

The mean (weighted for number of cells/group) and SEM were calculated for n=4 experiments. 

Statistical significance was determined by multiple comparisons t-tests, which indicated 

that the only comparisons that were significantly different were between Control and XS-1 for 

the CP55940 treatment.  The difference between vehicle and CP55940 for Control achieved 

significance only at p=0.07.  

Using the same time point that we had used for treatment with CP55940, we noted that 

there was not an observable increase in average pixel intensity per cell for carbachol treatment, 

as there was for CP55940 treatment.  A sister cell clone derived from the A/J mouse C1300 

tumor (N1E-115) has expresses M4 muscarinic receptors (McKinney, et al., 1991;Lenz, et al., 

1994;Yasuda, et al., 1993), as does the NG108-15 cell line that was derived from the N18TG2 

clone (Yasuda, et al., 1993;Leach, et al., 2010).  Thus, differences in behavior of the M4 

muscarinic response versus the CB1 cannabinoid response might be due to differences in the 

amount of receptor expressed (1-2 orders of magnitude greater for the CB1 receptor (Howlett, 

observations), the co-stimulation of the Gq-coupled M1 muscarinic receptor (Yasuda, et al., 

1993;Liles, et al., 1986),  kinetics of mAChR internalization due to influences of 

phosphorylation (Liles, et al., 1986), dynamin-dependent mechanisms , β-arrestin1/2 -

independent sequestration (Lee, et al., 1998),  dynamin-independent internalization  (Lee, et al., 

1998), association with small G proteins (Reiner and Nathanson, 2008), or recycling kinetics 

(Yoshida, et al., 2014;Hashimoto, et al., 2008). 
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 Figure S2. Secondary structure analysis of recombinant CRIP1a. (A) Circular dichroism 

spectrum for CRIP1a as purified (0.1 mg/ml, 20 mM MES pH 6.5, 100 mM NaCl, 10% 

glycerol). (B) Melting curve for the sample in A monitored at 220 nm. 
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Figure S3  Binding of Crip1a and CB1R Distal C-terminal 12-mer Peptide by Fluorescence 

Polarization Anisotropy and Surface Plasmon Resonance.  

 

 

 

 

 

 

 

 

 

 

 

▲ Fluorescence polarization anisotropy data showing CRIP1a at increasing concentrations 

binding to FITC-12-mer peptide.  Kd=3.4±3.6 µM (n=3 independent experiments). 

 ●● Surface Plasmon Resonance (SPR) equilibrium binding of CRIP1a when passed over a 

surface of an immunocaptured fluorescein-labelled CB1R distal C-terminus 12-mer peptide.  

Data are from two independent experiments.  The inlay expands the binding curve in the 

range of 100 nM to 10 µM.  Kd= 6.8±4.1 µM.   

 

 

 


