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Abstract 

 G-protein coupled receptors (GPCRs) are important signal transducing proteins and the target of many 

drugs. One example is the cannabinoid type 1 receptor (CB1), which is highly expressed throughout the central 

nervous system and is involved in synapƟc plasƟcity. CB1 has an unusually long N-terminal region for a GPCR of its 

class, but the funcƟon of this region remains unclear. This has been a difficult quesƟon to answer as most 

commercially available anƟbodies against CB1 are polyclonal anƟbodies recognizing N-terminal epitopes, as 

polyclonal anƟbodies can be less reproducible and the CB1 N-terminus may be modified or proteolyzed.  In this 

thesis, I detail the characterizaƟon and validaƟon of several novel monoclonal anƟ-CB1 anƟbodies as well as 

several applicaƟons of these anƟbodies.  

 In Chapter 2, I characterized several novel anƟ-CB1 monoclonal anƟbodies and validated them for use in 

immunoblot, immunoprecipitaƟon, and immunofluorescence. Of note, one of these anƟbodies, 1E10, binds an N-

terminal epitope of a CB1 truncaƟon mutant that has been N-terminally acetylated. I also generated and validated 

a 10- and 4-residue tag for use with 1E10. In Chapter 3, I used these anƟbodies to validate several staining 

techniques for use in immunofluorescent confocal microscopy. This included validaƟon of a technique for 

mulƟplexed anƟbody staining with anƟbodies from the same source species. In Chapter 4, I demonstrated the 

ability of 1E10 to purify CB1 and a tagged rhodopsin. Altogether, this thesis presents novel tools and techniques to 

address lingering quesƟons in the study of CB1.  
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Chapter 1: IntroducƟon 

1.1 GPCR Overview 

 G-protein coupled receptors (GPCRs) are the largest family of transmembrane proteins in the 

human genome, where they play key roles in signal transducƟon across biological membranes. They are 

named for the intracellular, membrane-associated proteins they interact with, G-proteins. G-proteins are 

heterotrimeric complexes containing alpha, beta, and gamma subunits. Upon acƟvaƟon, G-protein alpha 

subunits acƟvate signaling proteins by hydrolyzing GTP. AcƟvated GPCRs can bind to and acƟvate G 

proteins by inducing the exchange of GDP for GTP, thus re-seƫng the G-protein 1.  

 In addiƟon to G-proteins, GPCRs can interact with several other intracellular proteins. 

ConformaƟonal changes involved in GPCR acƟvaƟon allow the intracellular region of the receptor to be 

phosphorylated by G-protein-coupled receptor kinases (GRKs) 2. For many GPCRs, this phosphorylaƟon 

promotes interacƟon between GPCRs and arresƟns, which induce clathrin-mediated endocytosis of 

receptors 2,3. Once internalized, the GPCRs can be recycled to the surface or targeted for degradaƟon in 

the lysosome 3.  

Structurally, GPCRs consist of seven transmembrane alpha helices with an N-terminal region on 

the extracellular side of the membrane and the C-terminal region on the intracellular side of the 

membrane (Figure 1.1). GPCRs interact with a variety of ligands and modulatory proteins. GPCR ligands 

vary widely and include lipids, pepƟdes, hormones, and numerous other small molecules 4. Their 

important role in signal transducƟon makes this class of proteins highly druggable. In fact, 30-40% of all 

FDA approved drugs in 2016 targeted a GPCR. Most of these drugs target a class A, or rhodopsin-like, 

GPCR, which are the largest class of GPCRs 5. This class is named for rhodopsin, a visual photoreceptor 

responsible for dim light vision. Rhodopsin has been a model system for studying GPCRs, and the first 

structure of a GPCR was of rhodopsin 6. Class A GPCRs generally have short N-terminal regions which can 

be modified post-translaƟonally in several ways including glycosylaƟon and proteolysis 7. The work in this 
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thesis primarily focuses on one class A GPCR, the cannabinoid type 1 receptor (CB1). Rhodopsin studies 

are also included for comparison because, as noted above, it is a classical and well-studied GPCR.  

 

1.2 CB1 General background 

Interest in CB1 iniƟally arose because it is acƟvated by delta-9-tetrahydrocannabinol (THC), the 

primary psychoacƟve agent of Cannabis saƟva 8. Subsequently, an endocannabinoid system was 

discovered that includes endogenous CB1 ligands N-arachidonoylethanolamine (Anandamide) and 2-

Arachidonoylglycerol (2-AG) 9–11. AlteraƟons in the endocannabinoid system have been implicated in 

several disease states including Parkinson’s disease, Alzheimer’s disease, mulƟple sclerosis, epilepsy, 

depression, and more 12,13. 

CB1 is encoded by the gene CNR1, which has three known splice variants that result in 

translaƟon of three unique CB1 isoforms. InteresƟngly, these isoforms only vary in the first 88 residues of 

the N-terminal domain. Full length CB1 (herein referred to as CB1) is the most studied and longest 

isoform. Compared to CB1, variant CB1a contains a shorter and dissimilar N-terminus while CB1b lacks 

residues 22 - 54 of CB1 14. 

CB1a and CB1b have been found throughout the central nervous system and peripheral Ɵssue. 

Although they show lower level of transcripts than CB1 14–17, these isoforms may be expressed more 

efficiently due to their shorter N-terminal regions. In vitro studies show both CB1a and CB1b, and CB1 N-

terminal truncaƟon mutants oŌen exhibit increased expression in cell culture 18. This work will focus on 

the first variant, CB1, and mutants of CB1.  

 

1.3 CB1 Expression and signaling 

 CB1 is also highly expressed throughout the central nervous system, where it is involved in a 

variety of processes including modulaƟon of neurotransmiƩer release in neurons. CB1 is typically located 
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primarily at the pre-synapse, where it is involved in synapƟc plasƟcity and reseƫng of the synapse 19–25. 

CB1 is acƟvated by endocannabinoids that are produced in the post-synapse in response to post-synapƟc 

receptor acƟvaƟon by neurotransmiƩers released by the pre-synapƟc cell. In this way, CB1 acts to reset 

signaling between pre- and post- synapƟc neurons. CB1 acƟvaƟon of G-proteins Gi and/or Go can reduce 

voltage gated calcium current amplitudes 26, modify voltage-sensiƟve potassium current (IA) 27, and 

reduce intracellular cAMP 28, Figure 1.2.  

Like many GPCRs, internalizaƟon and recycling of CB1 can also occur once acƟvated. As shown in 

Figure 1.2, binding of beta-arresƟn recruits internalizaƟon factors and results in the formaƟon of 

endosomes containing acƟvated receptors. These receptors can then be recycled to the plasma 

membrane or targeted for degradaƟon 28.  

There is also increasing evidence for an intracellular populaƟon of CB1. Of note for this thesis, 

this localizaƟon is thought to involve the first 22 N-terminal residues of CB1, which have been proposed 

to act as a mitochondrial targeƟng sequence 29. This intracellular, mitochondrial populaƟon has been 

shown to regulate neuronal metabolism 30,31. While this presents a role for the N-terminus in 

mitochondrial targeƟng, it remains unclear how surface expression of the receptor is regulated.  

 

1.4 CB1 N-terminal background 

Intriguingly, the CB1 N-terminus is unusually long (~ 116 residues), one of the longest N-termini 

for a Class A GPCR 32. This is puzzling for a receptor that is thought to bind hydrophobic ligands through 

membrane-embedded transmembrane helices 33,34. Moreover, most of the N-terminal residues are not 

needed for binding syntheƟc orthosteric ligands – the first 103 residues can be deleted with liƩle 

apparent effect on syntheƟc ligand binding 35. 

To see if a long CB1 N-terminus is a conserved feature, Dr. Ujwal Shinde (OHSU, unpublished) 

carried out an extensive bioinformaƟcs analysis of 638 sequences from CB1 eukaryoƟc homologs in the 
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UniProtKB and Swiss-prot database (Figure 1.3). The results were surprising: 1) CB1 receptors in some 

species have even longer N-termini; 2) sequence conservaƟon is extremely high within the 

transmembrane domains and parts (but not all) of the N-terminal domain, and 3) secondary structure 

predicƟons (using IUPred3) suggest the un-spliced N-terminus contain regions of intrinsic disorder. 

Further analysis of only mammalian CB1 receptors (87 unique sequences from 62 CB1 homologs, 

and 9 CB1a and 16 CB1b splice variants) showed that CB1-NT has three apparent structural components 

conserved among mammalian CB1. The first ~ 22 residues are highly conserved, the following ~ 33 

residues (residues 23-55) are non-conserved, and conservaƟon increases again in the region from 

residue 55 to 116. An analysis of intrinsic order (not shown) suggests the conserved regions are likely 

ordered, and the non-conserved region more disordered, and thus prone to proteolysis. This is 

noteworthy as the human splice variant CB1b is missing residues 22-54, roughly the same region of low 

conservaƟon/higher disorder shown in Figure 1.3.  

The CB1 N-terminus affects receptor expression and cellular targeƟng. For example, CB1 N-

terminal truncaƟon mutants express beƩer in cell culture 36–38, as do CB1 splice variants (CB1a and CB1b) 

(19). As noted above, the first 22 residues of the N-terminus was proposed to contain a mitochondrial 

targeƟng sequence 29. Analysis of potenƟal proteolyƟc sites in the CB1 N-terminus done in PROSPR and 

Expasy’s PepƟdeCuƩer show several potenƟal cleavage sites (Figure 1.4). Of note, we oŌen see 

proteolyƟc cleavage of the CB1 N-terminus in our expression systems. Similarly, the CB1 N-terminus 

contains putaƟve N-linked glycosylaƟon sites 36,39,40, as well as numerous potenƟal O-linked glycosylaƟon 

sites. 

Unfortunately, there is currently no structure of the CB1 N-terminus to provide clues for its 

funcƟon – it is not resolved in any of the current CB1 structures, with only the first ~10 residues before 

the first helix (TM1) visible, either because deleƟon mutants were used, or because the region was not 

visible in the data. This is unfortunate, as the N-terminus may undergo some relaƟvely large re-
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arrangements during acƟvaƟon, including in the so-called membrane-proximal region (MPR) that has 

been implicated in allosteric regulaƟon of CB1 35. 

The role the CB1 N-terminus plays in receptor signaling has never been systemaƟcally studied, 

likely because much of it can be deleted without affecƟng binding of high affinity, syntheƟc ligands. 

However, CB1 crystal structures show a major difference between agonist and inverse agonist bound 

receptor – the locaƟon of the CB1-NT MPR 41. For inverse agonists, the MPR forms a structured “cap” 

over the ligand binding pocket and makes several contacts with the ligand. In contrast, for agonist bound 

structures, the MPR makes few contacts with agonist ligands, and instead forms an extended structure 

that moves away from the binding pocket 41. Previously, members of the Farrens lab found reducing the 

disulfide in the MPR (C98-C107) causes antagonist binding to increase and agonist binding to decrease 

(Figure 1.5), with more agonist necessary to acƟvate G protein (not shown) 35. One way this unusual 

phenomenon could occur is if the CB1-NT and MPR bind and stabilize the inacƟve apo-state 

conformaƟon. The resulƟng shiŌ in equilibrium populaƟons would explain the results above. 

Lack of informaƟon about CB1 in general, and the N-terminus in parƟcular, led us to assess how 

novel anƟ-CB1 anƟbodies could be used to study its structure and funcƟon, noted below. 

 

1.5 AnƟ-CB1 anƟbodies 

 Prior to 2020, the majority of CB1 studies relied on polyclonal anƟbodies raised against pepƟdes 

of the CB1 N-terminal region. IniƟal idenƟficaƟon of a pre-synapƟc populaƟon of CB1 was conducted 

with a polyclonal anƟ-CB1 N-terminal anƟbody 21. In western blot studies, the apparent molecular 

weight of CB1 varies between 50 and 70 kDa 36,42,43 depending on the anƟbody used to visualize the 

receptor. This discrepancy could be due to a number of factors including post-translaƟonal modificaƟon 

of the N-terminus, such as glycosylaƟon or proteolysis, or due to splice variants.  
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 New anƟ-CB1 polyclonal anƟbodies conƟnue to emerge, including two well-validated, 

commercially available anƟ CB1 polyclonal anƟbodies that recognize residues 1-14 (Nt Cay) and 84-99 

(Nt Alo) of the CB1 N-terminus 36. While these anƟbodies present an improvement from previous tools, 

there are limitaƟons when using polyclonal anƟbodies. Generally, monoclonal anƟbodies are more 

consistent and reliable, parƟcularly for structural studies including analysis of the post-translaƟonal 

landscape of a protein 44.  

 Novel anƟ-CB1 monoclonal anƟbodies were previously generated by Dr. Jon Fay in the Farrens 

lab and Dr. Dan Crawley (formerly OHSU VGTI) against a mutant CB1 lacking the first 88 residues of the 

N-terminus 37. An overview of the top candidates and their iniƟal characterizaƟon is presented in 

Chapter 2. As described below, these novel monoclonal anƟbodies present new tools for examining the 

structure, funcƟon, and dynamics of CB1. 

 

1.6 Overview of thesis  

 This thesis aims to address the need for novel tools and techniques to examine the structure, 

post-translaƟonal modificaƟon, and subcellular localizaƟon of GPCRs, in parƟcular CB1. Chapter 2 details 

the characterizaƟon of several novel anƟ-CB1 monoclonal anƟbodies. InteresƟngly, one of these 

anƟbodies, called 1E10, seemed to only recognize the Δ88 CB1 truncaƟon mutant, but not the full-length 

receptor or a full N-terminal deleƟon mutant. In this chapter, three top candidate anƟbodies were 

thoroughly characterized and validated for Immunoblot, immunoprecipitaƟon, and 

immunofluorescence. For the 1E10 anƟbody, 10- and 4- residue tags were developed for final validaƟon 

of the anƟbody epitope and both tags were validated for immunoblot and immunofluorescence, with 

one goal being applicaƟon to study possible roles of the CB1 N-terminus, discussed below. 

Chapter 3 discusses exploraƟon of the role of the CB1 N-terminus and validaƟon of tools for this 

purpose. Given the emerging interest in a potenƟal intracellular or mitochondrial populaƟon of CB1 and 
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the length and potenƟal for post-translaƟonal modificaƟon of the CB1 N-terminus, it is possible that the 

N-terminus is playing an important role in regulaƟon of CB1 dynamics. Specifically, the main hypothesis 

of this chapter is that the CB1 N-terminus plays a role in receptor regulaƟon or subcellular localizaƟon, 

potenƟally via post-translaƟonal modificaƟon such as glycosylaƟon. While a high degree of receptor 

expression heterogeneity obscured results, several techniques were validated for examining surface 

expression and differenƟal subcellular localizaƟon of CB1 using confocal microscopy.  

Chapter 4 focuses on the development and improvement of protein immunoaffinity purificaƟon 

strategies. With my characterizaƟon of a novel anƟbody described in Chapter 2 came the opportunity to 

leverage this tool in exisƟng protocols. Thus, 1E10 was used for immunoaffinity purificaƟon of several 

CB1 and tagged rhodopsin variants. MulƟplexed pepƟdes were tested with the goal to improve eluƟon 

from immunoaffinity columns. 

Final thoughts and conclusions are presented in Chapter 5. There are three appendices, one with 

the primers used to generate constructs used in this thesis and two with data obtained from Dr. Emily 

PlaƩ relevant to the work of this thesis.  
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Figures:  

 

Figure 1.1: SchemaƟc of GPCR structure. GPCRs contain seven transmembrane helices (TM1 – TM7). 

Extracellular loops (ECL 1-3) and the N-terminus are located on the extracellular side of the lipid bilayer. 

Intracellular loops (ICL1-3), helix 8, and the C-terminus are located on the intracellular side of the bilayer, 

the side where G proteins and other signaling proteins interact. Figure from 1.  
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Figure 1.2: SchemaƟc of CB1 signaling and internalizaƟon. (A) schemaƟc of CB1 signaling. 

NeurotransmiƩer release from the pre-synapse acƟvates postsynapƟc receptors which results in the 

producƟon of endocannabinoids 2-AG and anandamide (AEA), which in turn acƟvate CB1 resulƟng in 

inhibiƟon of cAMP producƟon, inhibiƟon of Ca2+ influx, increased K+ efflux, and inhibiƟon of 

neurotransmiƩer release from the pre-synapse. (B) β-arresƟn binds acƟvated CB1, leading to clathrin-

mediated endocytosis of acƟvated receptors. From: 28. 
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Figure 1.3: Sequence logos describing the different splice variants of mammalian CB1 N-termini detected 

in a mulƟple sequence analysis (MSA). At each posiƟon, the stack height denotes the level of sequence 

conservaƟon, and the symbol height the frequency of each residue. (A) 87 unique orthologs of CB1 N-

terminal sequences were extracted from the Uniprot database and used in the MSA. Most sequences 

have the ~120 residue highly conserved N-terminal domain, but 25 orthologs had shorter N-termini. (B) 

A plot of the disorder probability as a funcƟon of residue number predicts the non-conserved region 

may contain a higher degree of disorder. Source: Dr. Ujwal Shinde, PhD, OHSU Chemical Physiology and 

Biochemistry.  

 

 

 

Figure 1.4: The CB1 N-terminus is predicted to undergo proteolyƟc cleavage and glycosylaƟon. Figure 

generated using GPCRdb.org 5. PutaƟve proteolyƟc sites were idenƟfied with PROSPR, N-glycosylaƟon 

sites using NetNGlyc-1.0. The non-conserved, putaƟve disordered region is from Figure 1.3.  
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 Figure 1.5: Cysteine residues in the membrane proximal region (MPR) of the CB1 N-terminus can 

modulate receptor-ligand interacƟons. The disulfides and MPR are indicated, as well as several 

truncaƟon sites (Δ103, Δ88) previously tested for ligand binding. The allosteric effect the MPR has on the 

binding of inverse agonist (red) and agonist (blue) can be seen with reducing disulfides at C98-C107 and 

C257-C264. Figure was adapted from: 35. 
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Chapter 2 

2.1 IntroducƟon 

Previously, novel anƟ-CB1 anƟbodies were generated against a CB1 mutant for which both the 

N- and C-termini were deleted (88/418)37,45. This mutant, called Goldilocks, or CB1-GL is shown in 

Figure 2.1A. CB1-GL, was used extensively for structural and biochemical work in the Farrens lab due to 

its beƩer resistance to proteolysis and higher expression in mammalian Ɵssue culture (Farrens et al., 

2002). As most commercially available anƟ-CB1 anƟbodies are polyclonal anƟbodies that target the N-

terminus of CB1, and CB1-GL lacks most of the N-terminus, the anƟbodies generated against this mutant 

CB1 were inherently novel.  

IniƟal characterizaƟon of these anƟbodies was performed by Dr. Fay via slot blot on the five 

most promising novel anƟ-CB1 monoclonal anƟbodies (Figure 2.1). The top three candidates were then 

selected for further characterizaƟon and validaƟon: 1E10, 3A3, and 5G3 37. All three anƟbodies were able 

to visualize as low as 5 ng of the receptor they were generated against (CB1-GL). AnƟbodies 3A3 and 5G3 

did not bind a mutant lacking the intracellular loop 3 (IL3) region of CB1, but they bound all N-terminal 

mutants. These anƟbodies were therefore idenƟfied as binding an epitope in the IL3 region of the 

receptor. InteresƟngly, the 1E10 anƟbody bound both the mutant lacking IL3 region as well as N-terminal 

truncaƟon mutants (Δ88 only) but did not detect full-length receptor or a mutant receptor lacking the 

enƟre N-terminus. These results suggested that the 1E10 anƟbody binds an N-terminal epitope of the 

truncated receptor these anƟbodies were raised against (CB1-GL).  

In this chapter, I describe my more detailed characterizaƟon of these three anƟbodies, as well as 

their validaƟon for immunoblot, immunoprecipitaƟon, and immunofluorescence. Furthermore, for one 

of these anƟbodies, 1E10, I developed small (10- and 4-) residue tags and validated their use for 

immunoblot and immunofluorescence studies.  
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2.2 Methods 

Buffers:  

RIPA buffer: 50 mM Tris pH 7.8, 1 % Nonidet P-40, 0.5 % deoxycholate, 150 mM NaCl, 5 mM EDTA.  

Protease inhibitors: 1X Halt (Thermo Fischer Scientific), 5 μg/ml leupeptin, 0.5 mM PMSF.  

4X sample buffer: 8.0% SDS, 40% glycerol, 0.25 M Tris pH 6.8, 0.02% - 0.04% BPB. 

Mutants:  

Three CB1 mutants are used throughout this work, all designed and described previously. Briefly, 

shCB1-C2 is a full-length syntheƟc human CB1 with only two cysteine residues (C257 and C264) which 

form a disulfide 46. CB1-GL (also referred to as GL) is an N- and C-terminal truncaƟon (Δ87 and Δ417) 

mutant of shCB1-C2 37,38. CB1-ΔIL3 (also referred to as dIL3) is a modified shCB1-C2 with an N-terminal 

truncaƟon (Δ87 like GL) with IL3 deleted 37. All mutants have the last 8 amino acids replaced with the 

1D4 epitope (TETSQVAPA) for detecƟon and purificaƟon.  

Mutant/construct generaƟon:  

PCR condiƟons are located in tables 2.2-2.4. Overlap extension PCR was performed according to 

Heckmen and Pease 47 and is summarized in tables 3 and 4. Primers for PCR can be found in Appendix 1. 

PCR was validated by running 5 μL PCR products on 1% Agarose DNA gel at 60 V for 1 hour.  

PCR products were digested with relevant restricƟon enzymes in a double digest. Appropriate 

units of restricƟon enzyme were added to remaining PCR products along with relevant NEB reacƟon 

buffer to a total volume of 60 μL. Samples were incubated at 37 ◦C for 1 hour, then cleaned on a 

QIAquick spin column. ConcentraƟons of cleaned PCR products were esƟmated using Nanodrop.  

Linearized vector was prepared by digesƟng vector construct with two restricƟon enzymes. 5 μg 

vector construct was digested with 2 units (1 μL) of each restricƟon enzyme in 1X NEB 3.1 buffer or 

CutSmart (NEB) buffer (40 mL total volume). Sample was incubated for 90 minutes, then 1 μL Cow 

IntesƟnal Phosphatase (CIP) was added and sample was incubated at 37 ◦C for an addiƟonal 30 minutes. 
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The sample was run on a 1% Agarose DNA gel at 60 V for 1 hour. Vector band was cut out and purified 

using QIAquick spin columns (QIAquick gel purificaƟon kit protocol). ConcentraƟons of linearized vector 

were esƟmated using Nanodrop.  

Linearized vector and digested insert from PCR (~1:3 raƟo) was added to 1X T4 ligase buffer to a 

total volume of 19 μL. 1 μL T4 ligase was added, and samples were incubated for 2 hours at 25 ◦C. 2 μL of 

ligaƟon product was added to 50 μL of DH5-alpha cells. Samples were incubated on ice for 30 minutes, 

then 42 ◦C for 45 seconds, then on ice for two minutes prior to plaƟng on prepared LB agar plates + 100 

μg/mL Ampicillin. Plates were incubated overnight at 37 ◦C.  

Mini prep and sequencing:  

1-2 colonies from each plate were gently removed with a p200 pipeƩe Ɵp and placed in 5 mL LB 

+ 100 μg/mL Ampicillin. Samples were incubated at 37 ◦C and 200 rpm for 18-20 hours. Then ~ 1 mL of 

each sample was transferred to a 1.5 mL Eppendorf and mini prep was performed using the Qiagen Mini 

Prep protocol. The concentraƟon of each sample was esƟmated using Nanodrop. At least 500 ng DNA 

from each sufficiently concentrated sample was then prepared and submiƩed for sequencing.  

AnƟbody generaƟon: 

As noted above, mouse monoclonal anƟ-CB1 anƟbodies were generated previously by Dr. Jon 

Fay (former graduate student in the Farrens lab) and Dr. Dan Crawley (formerly at VGTI) 37. These 

anƟbodies were generated against a CB1 mutant with N- and C- terminal truncaƟons (CB1 88/418, 

also called CB1-GL) 46,48 

TransfecƟon/HarvesƟng:  

Cos-1 cells were seeded onto a 150 mm Ɵssue culture dish and grown unƟl confluent. 30 μg of 

DNA was added to 2.5 mL OpƟmem and incubated for 5 minutes at room temperature. 100 μg PEI was 

added to 2.5 μL OpƟmem and incubated for 5 minutes at room temperature. Then DNA and PEI 

soluƟons were mixed and incubated for 20 minutes at room temperature. Media was aspirated from 
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plates and 15 mL fresh media was added. 5 mL DNA/PEI/OpƟmem mix was added per plate. Plates were 

incubated for 50-65 hours prior to harvesƟng. To harvest, media was aspirated and cells were washed 

twice with 10 mL PBSSC. Then cells were gently scraped into 2 mL PBSSC and placed in 15 mL conical vial. 

Cells were then pelleted by centrifugaƟon (10 min at 4 clicks on a clinical centrifuge) and stored at -80 ◦C.  

AŌer cells were harvested and pelleted, they were solubilized in RIPA buffer + protease 

inhibitors, then pelleted at 14,000 rpm in the eppendorf centrifuge at 4 ◦C. Supernatants were removed, 

aliquoted and stored at -80 ◦C.  

ImmunoprecipitaƟon:  

50 μg total protein were added to RIPA + protease inhibitors up to 100 μL for each construct. 

AnƟbodies were added at specified final concentraƟons, and samples were incubated at 4 ◦C for 10 

minutes. Then 25 μL 50% slurry of Protein A sepharose beads in RIPA + protease inhibitors was added to 

each sample. Samples were incubated for 90 minutes at 4 ◦C, then washed 3 Ɵmes with 5 column 

volumes RIPA + protease inhibitors. Samples were eluted in 25 μL 1X sample buffer + 0.1 M DTT at 37 ◦C 

or 65 ◦C for 30 minutes (CB1 mutants) or 25 ◦C for 30 minutes (rhodopsin mutants). Samples were 

loaded onto an 8% acrylamide gel. For control lanes, cell extracts were prepared with ~10 μg total 

protein in 1X sample buffer + 0.1 M DTT and incubated at 65 ◦C for 30 minutes or added directly to the 

gel. Gels were run at 50 V unƟl tracking dye (BPB) had run off the boƩom of the gel. Samples were 

transferred to PVDF membrane at 190 mA for ~1 hour. The membrane was incubated with primary 

anƟbody at 1/1000 diluƟon (~5 μg/mL for 1D4, 1E10, 3A3, and 5G3) and goat-anƟ-mouse AF680 

secondary anƟbody at 1/5000 diluƟon. Images were captured on Sapphire Imager, processed with 

ImageJ, and labeled using Inkscape. Specific imaging condiƟons were dependent on the fluorophore 

used. All images were captured with an intensity seƫng that did not result in saturaƟon.  

PepƟde compeƟƟon immunoprecipitaƟons:  
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AnƟbodies were incubated with varying concentraƟons of pepƟde (as indicated) for 30 minutes 

at 4 ◦C in RIPA + protease inhibitors. PepƟdes can be found in Table 2.5. Then 50 μg total protein was 

added to each sample and immunoprecipitaƟon protocol proceeded as described above.  

Immunofluorescence:  

Cos-1 or HEK 293 cells were transiently transfected as previously described onto poly-L-lysine 

treated coverslips in a 12-well plate. Cells were fixed with 4% formaldehyde in 1X PBSSC, then blocked 

and permeabilized with 4% horse serum, 0.1% Triton-X100, 1X PBSSC, then washed once with 1X PBSSC. 

Primary anƟbody (1E10 or 1D4) was incubated in a 0.1% Tween-20, 1X PBSSC buffer for 1 hour at room 

temperature in a humidified container to prevent evaporaƟon. AŌer three 5-minute washes with 0.1% 

Tween-20, 1X PBSCC, the samples were incubated with secondary anƟbody (Goat-anƟ-mouse AF488) in 

the same buffer for 1 hour at room temperature. Coverslips were washed three Ɵmes with 0.1% Tween-

20, 1X PBSSC then three Ɵmes with 1X PBSSC. Coverslips were mounted to glass slides with VectaSheild 

mounƟng soluƟon with DAPI, then sealed with clear nail polish. Slides were imaged on a Zeiss Apotome 

3 using the 63X oil objecƟve. Images were processed in ImageJ.  

 

2.3 Results 

CharacterizaƟon and validaƟon of intracellular binding anƟbodies, 3A3 and 5G3. 

CharacterizaƟon of the epitopes of the three top anƟbody hits was accomplished through a series of 

pepƟde compeƟƟons, deleƟons, and mutaƟons. First, pepƟde corresponding to the middle of IL3 

(SIIIHTSED) was assessed for its ability to compete with binding of the ICL3 anƟbodies (3A3 and 5G3). 

This compeƟƟon was not successful at any of the concentraƟons tested (Figure 2.2A). A series of 

deleƟons in the IL3 was used to idenƟfy a large region of the loop as a putaƟve epitope (Figure 2B). 

These deleƟons consisted of three overlapping deleƟons of 10 residues each. While the first deleƟon 

reduced affinity of both anƟbodies, the second deleƟon fully prevented anƟbody binding to the mutant 



17 
 

receptors. This indicates that the epitope of both anƟbodies is in the N-terminal half of IL3. Final 

determinaƟon of the epitopes of the 3A3 and 5G3 anƟbodies was conducted via immunoblot of grouped 

alanine scans (Figure 2.2C and 2.2D), revealing the epitope for both anƟbodies consists of no more than 

residues HITSEDGKVQ, and possibly less. These epitopes were confirmed using immunoprecipitaƟon 

(Figure 2.2C and 2.2D). Together, these data reveal the epitopes of each of the two IL3 binding 

anƟbodies and validate their use in immunoblot and immunoprecipitaƟon.  

CharacterizaƟon and validaƟon of an N-terminal binding anƟbody, 1E10. The idenƟty of the 

1E10 anƟbody epitope was determined with immunoprecipitaƟon studies carried out in increasing 

concentraƟons of pepƟde containing the putaƟve 1E10 epitope (SFKENEENIQ; Figure 2.3A). At all 

concentraƟons of pepƟde tested, binding of anƟbody to CB1-GL was blocked, prevenƟng 

immunoprecipitaƟon (Figure 2.3A and 2.3B). N-terminal pepƟde did not block binding of 3A3 at any 

concentraƟon tested, confirming this is a specific interacƟon between the pepƟde and anƟbody. 

Together, this indicates that the epitope is contained in the region represented by the N-terminal pepƟde 

(SFKENEENIQ). ImmunoprecipitaƟon of a mutant with a single glycine addiƟon to GL (CB1-GL G88) was 

competed by similar concentraƟons of N-terminal pepƟde (Figure 2.3B).  

Detailed alanine scan of 1E10 epitope for final characterizaƟon of 1E10. To further localize and 

idenƟfy key residues in the epitope required for 1E10 binding, an alanine scan of the region was 

performed, in which two residues at a Ɵme were mutated to alanine. Solubilized membranes of alanine 

mutants were probed with 1D4 as an expression control or 1E10. This scan indicated that the first four 

residues (SFKE) had the greatest impact on 1E10 binding (Fig. 1.3C). To further idenƟfy the contribuƟon 

of these four residues, each of these residues individually mutated to alanine. These four single alanine 

mutants were expressed, their membranes solubilized, then probed with 1D4 or 1E10 as in the previous 

scan (Figure 2.3D). These results indicate that S88 and F89 play the largest role in the binding interacƟon 

with K90 and E91 also contribuƟng.  
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I next tested if N-terminal acetylaƟon is required for 1E10 binding to the epitope. PepƟdes were 

ordered with the putaƟve epitope region (SFKE) with or without N-terminal acetylaƟon. Given the 

results of the previous alanine scan, an N-terminally acetylated pepƟde corresponding to the E91A 

(Figure 2.3D) mutant (SFKA) was also included. Each pepƟde was tested for its ability to compete in the 

pepƟde compeƟƟon IP as described above. While the N-terminally acetylated SFKE pepƟde was able to 

compete with CB1-GL for binding to 1E10, neither the non-acetylated SFKE nor the acetylated SFKA 

pepƟde were able to compete (Figure 2.4A). These data strongly suggest that the 1E10 epitope includes 

N-terminal acetylaƟon. This could explain why 1E10 does not recognize full-length receptor, as this 

processing would not occur at the epitope region in full-length receptor.  

In order to assess if cleavage of the start methionine was necessary prior to acetylaƟon, a similar 

experiment was conducted with an N-terminally acetylated MSFKE pepƟde and a non-acetylated MSFKE 

pepƟde. Neither methionine-containing pepƟde was able to compete 1E10 binding to CB1-GL (Figure 

2.4B). These results strongly suggest that the complete 1E10 epitope requires the iniƟator methionine be 

cleaved followed by N-terminal acetylaƟon of the following residue (serine). Together, these data firmly 

idenƟfy the epitope of 1E10 while also validaƟng this anƟbody for use in immunoblot and 

immunoprecipitaƟon. 

ValidaƟon of anƟbodies for use in immunofluorescence studies. The three anƟbodies (5G3, 3A3 

and 1E10) were then validated for use in immunofluorescence studies (Figure 2.5). The results show the 

anƟbodies were able to visualize the CB1-GL receptor at 1:500 and/or 1:500 diluƟons (from 1 mg/mL). 

Both 3A3 and 1E10 were able to visualize transiently transfected protein at both diluƟons (Figures 2.5A 

and 2.5B). 5G3 was able to visualize receptor well at 1/500 diluƟon (Figure 2.5C). All three anƟbodies 

were successful at visualizing transiently transfected protein in immunofluorescence. 

GeneraƟon and validaƟon of 10- and 4- residue N-terminal tags for use with 1E10 anƟbody. Final 

confirmaƟon of the 1E10 epitope was obtained by introducing it as a 10 residue (SFKENEENIQ) or 4 
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residue (SFKE) addiƟon onto the N-terminus of another class A GPCR, rhodopsin (Figure 2.6A). 

Solubilized membranes expressing both constructs could be visualized with 1E10 (Figure 2.6B). 

Importantly, the data show that the banding paƩern of the 4-residue addiƟon was analogous to that 

observed for wild-type rhodopsin. This suggests that glycosylaƟon of the 4-residue tagged rhodopsin is 

similar to wild-type receptor, indicaƟng this small epitope did not egregiously impact receptor folding. 

This is an important point, as rhodopsin is known to be glycosylated at N2 49. Similarly, the 4-residue 

addiƟon had less impact on the ability of receptor to photo-acƟvate (Figure 2.6C). Finally, the specificity 

of the 1E10 for the epitope was demonstrated by immunofluorescence studies of the SFKE-Rho and 

shRho transiently transfected in HEK 293 and visualized using 1D4 or 1E10 immunofluorescence (Figure 

2.6D). 1E10 was able to visualize the SFKE-tagged rhodopsin, but not the wild-type receptor, whereas the 

1D4 staining detected both receptors expressed. Together, these results indicate that both the 10- and 4- 

residue addiƟons can act as a visualizaƟon tag for immunoblots.  

 

2.4 Discussion 

AnƟ-CB1 monoclonal anƟbodies were generated, and the top three candidates were extensively 

characterized and validated for immunoblot, immunoprecipitaƟon, and immunofluorescence. Two of 

these anƟbodies (3A3 and 5G3) bind an intracellular epitope, whereas 1E10 binds a specific and short 

epitope in the N-terminus of the receptor. All anƟbodies were validated for use in immunoblot, 

immunoprecipitaƟon, and immunofluorescence.  

For final characterizaƟon of the 1E10 epitope, my pepƟde compeƟƟon immunoprecipitaƟon 

experiments were repeated with an acetylated and non-acetylated SFKE pepƟde as well as two pepƟdes 

with the sequence MSFKE, the laƩer to assess if cleavage of the iniƟator methionine was needed for 

opƟmal 1E10 epitope. While the N-terminally acetylated SFKE pepƟde was able to compete 1E10 binding 

to CB1-GL similarly to the full 10-mer pepƟde, neither the non-acetylated SFKE nor the acetylated SFKA 
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pepƟde were able to compete binding, indicaƟng that the acetyl group is part of the anƟbody epitope. 

My data (Figure 2.4) strongly suggests this structure requires co-translaƟonal processing of the N-

terminus, including cleavage of the start methionine and/or N-terminal acetylaƟon. It is likely that the N-

terminus of the truncated CB1 mutants or tagged mutants would undergo one or both of these 

modificaƟons based on the sequence of its N-terminus 50,51. Neither MSFKE pepƟde was able to compete 

1E10 binding to CB1-GL (Figure 2.4B), indicaƟng that the start methionine is cleaved. Together, these 

data indicate that the start methionine of CB1-GL is cleaved then the N-terminus is acetylated when 

expressed and that this processing is necessary to create the 1E10 epitope. While the acetylated SFKE 

pepƟde was able to compete, it was not as effecƟve as the full 10-mer pepƟde, indicaƟng that the 

addiƟonal residues aŌer SFKE may contribute to the anƟbody-epitope interacƟon to a lesser extent. 

My results also help explain why the 1E10 anƟbody does not detect proteolyƟcally cleaved CB1 

fragments, some of which produce the 1E10 epitope. In studies of CB1 with a full-length N-terminus, Dr. 

Emily PlaƩ found the CB1 N-terminus can be cleaved by cellular proteases, with a major site of cleavage 

occurring directly aŌer residue 87, thus producing the 1E10 epitope – SFKENE (unpublished Edman 

sequencing data from Emily PlaƩ, Appendix 2). However, this cleavage product is not detected in 

Western Blots using the 1E10 anƟbody. My discovery that the 1E10 epitope requires an N-terminal 

acetylaƟon now explains this puzzling observaƟon. The proteolyƟcally cleaved fragment may start with 

the correct sequence for 1E10 (SFKENE), but the process of proteolysis would not introduce an N-

terminal acetyl group, and thus not be detected by 1E10. My results would also explain why 1E10 has 

not been able to visualize full-length receptor from rat brain or transiently transfected mammalian cell 

lines (HEK or Cos-1). If co-translaƟonal modificaƟon, such as N-terminal acetylaƟon, is required for the 

1E10 epitope, as my data suggests, 1E10 may not be able to visualize any cleaved receptor without this 

modificaƟon.  
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Finally, it was confirmed that the 1E10 epitope could be successfully added to and used to probe 

another receptor, in this case, rhodopsin. Both 10- and 4-residue epitope tags were generated for use 

with 1E10 and validated for immunoblot and immunofluorescence. The 4-mer tag had less impact on 

receptor acƟvaƟon than the 10-mer tag. This could indicate that this tag could work for proteins that 

have previously been sensiƟve to tagging at the extreme N-terminus.  

 

2.5 Future DirecƟons 

 Next steps for these anƟbodies could include sequencing of the anƟbodies and recombinant 

expression. Given their success in mulƟple anƟbody-mediated visualizaƟon systems, they could also be 

validated for use in immunohistochemistry. Finally, these anƟbodies can be used to probe the funcƟon, 

expression, modificaƟon, and subcellular localizaƟon of CB1 – as explored in Chapter 3 – as well as for 

use in immunoaffinity purificaƟon, as described in Chapter 4. 

 

2.6 Figures 

  

Figure 2.1: SchemaƟc of CB1 with relevant regions highlighted (leŌ). N-terminal segment, represented by 

the blue line, is residues 1-88. The membrane proximal region, marked with the red box, contains 

residues 88-109. The IL3 region is also marked with a red box Slot blot of various CB1 mutants imaged 
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with anƟ-CB1 anƟbodies as indicated (right), 37. This slot blot probes the ability of the three anƟbodies, 

1E10, 3A3, and 5G3 to recognize decreasing concentraƟons of CB1-GL 38, (top 4 lanes, GLG9, and Δ88) a 

mutant shCB1-GL lacking the enƟre IL3 region, a full-length receptor (+NT), and a mutant lacking the full 

N-terminus including the membrane proximal region (Δ109).  

 

  

  

Figure 2.2A: PepƟde compeƟƟon IP of 3A3 (top) and 5G3 (boƩom) with quanƟtaƟon. 3A3, 5G3, 1E10, or 

1D4 were incubated with various concentraƟons of noted pepƟde for 30 minutes prior to protein A 

immunoprecipitaƟon of CB1-GL. As a negaƟve control, 1E10 competed with IL3 pepƟde is included in 

each compeƟƟon immunoprecipitaƟon l. 1D4 competed with its corresponding pepƟde is included in 

each as a posiƟve control. 1D4 anƟbody heavy (~50 kDa) and light chain (~25 kDa) bands are slightly 

offset relaƟve to 5G3 bands. Western blot lanes were quanƟfied in ImageJ and data ploƩed in MicrosoŌ 

Excel.  

 



23 
 

 

  

  

Figure 2.2B: IL3 deleƟon mutant western blots (top: 1D4 leŌ, 3A3 center, 5G3 right). dIL3 (ΔIL3) lacks the 

enƟre CB1 intracellular loop 3 while deleƟon mutants D1, D2, and D3 contain overlapping 10-residue 

deleƟons. ImmunoprecipitaƟon with 3A3 (boƩom leŌ) and 5G3 (boƩom right) by protein A were 

visualized with 1D4. RIPA solubilized membrane (Sol. Mem.) was included as an expression control in 

immunoprecipitaƟon westerns.  

 

 

 

 

5G3 
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Figure 2.2C: Double alanine scan of IL3. Solubilized membranes (Sol. Mem.) applied to gel, 

membranes probed with 1D4 (middle) or 3A3 (right). Protein A immunoprecipitation of double 

alanine mutants (left) with 3A3 was imaged with 1D4.  

 

 

Figure 2.2D: Double alanine scan of IL3. Solubilized membranes (Sol. Mem.) applied to gel, 

membranes probed with 1D4 (middle) or 5G3 (right). Protein A immunoprecipitation of double 

alanine mutants (left) with 5G3 was visualized with 1D4.  
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Figure 2.3A: Peptide competition of immunoprecipitation of CB1-GL with 1E10. 1E10, 3A3, or 1D4 

were incubated with various concentraƟons of noted pepƟde for 30 minutes prior to protein A 

immunoprecipitaƟon of CB1-GL. 3A3 competed with N-terminal pepƟde (SFKENEENIQ) is included as a 

negaƟve control. 1D4 competed with its corresponding pepƟde is included in each as a posiƟve control.  

 

  

Figure 2.3B: Peptide competition of immunoprecipitation of CB1-GL (left and right groups) or CB1-

GL G88 (center group) at various peptide concentrations. 1E10 or 1D4 were incubated with various 

concentraƟons of noted pepƟde for 30 minutes prior to protein A immunoprecipitaƟon of CB1-GL (leŌ 

and right) or CB1-GL G88 (center). 1D4 competed with its corresponding pepƟde is included in each as a 

posiƟve control. 
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Figure 2.3C: Dual alanine scan of CB1-GL mutants map the requirements of the 1E10 epitope. Cell 

pellets were solubilized in RIPA, and solubilized membranes were run on gels and visualized with 

1D4 (left) or 1E10 (right) western blots.  

 

 

Figure 2.3D: Single alanine scan of CB1-GL mutants identify key residues in the 1E10 epitope. 

Alanine mutants of the putative 1E10 epitope in CB1-GL were generated and expressed in Cos-1 

cells. The membranes were then solubilized and applied directly to gels for protein with Western 

blots, using 1E10 (right) or 1D4 (left) as an expression control.  
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Figure 2.4A: Peptide competition studies indicate N-terminal acetylation is needed for the 1E10 

epitope peptides to compete with 1E10 binding. Studies used CB1-GL with 1E10 and the various 

short peptides indicated. 1E10 was incubated with various concentraƟons of noted pepƟde for 30 

minutes prior to protein A immunoprecipitaƟon of CB1-GL. Ac-SFKENEENIQ is N-terminally acetylated. 

Ac-SFKE is N-terminally acetylated SFKE pepƟde, SFKE is non-modified SFKE, and Ac-SFKA is N-terminally 

acetylated SFKA pepƟde. Western blots were visualized with 1D4 (leŌ) or 1E10 (right). Blots represent 

separate experiments.  

 

 

Figure 2.4B: Peptide competition immunoprecipitation with CB1-GL with 1E10 and short peptides 

with methionine. 1E10 was incubated with various concentraƟons of noted pepƟde for 30 minutes prior 

to protein A immunoprecipitaƟon of CB1-GL. Ac-SFKENEENIQ is N-terminally acetylated. Ac-SFKE is N-

terminally acetylated SFKE pepƟde, Ac-MSFKE is N-terminally acetylated MSFKE pepƟde, and MSFKE is 

non-modified MSFKE pepƟde. Western blots were visualized with 1D4 (leŌ) or 1E10 (right). Blots 

represent separate experiments. 
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Figure 2.5A: Immunofluorescence of CB1-GL with 1E10. CB1-GL expressed in Cos-1 cells 

visualized with 1E10 at 1/500 (1 μg/mL, left) or 1/5000 (0.1 μg/mL, right).  

 

    

Figure 2.5B: Immunofluorescence of CB1-GL with 3A3. CB1-GL expressed in Cos-1 cells visualized 

with 3A3 at 1/500 (1 μg/mL, left) or 1/5000 (0.1 μg/mL, right).  

 

 

Figure 2.5C: Immunofluorescence of CB1-GL with 5G3. CB1-GL expressed in Cos-1 cells visualized 

with 5G3 at 1/500 (1 μg/mL).  
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Figure 2.6A: Schematic of 10- and 4- residue additions corresponding to the 1E10 epitope to the N-

terminus of rhodopsin. Yellow box at the N-terminus corresponds to the residues added (SFKE or 

SFKENEENIQ). Blue strand and ovals represent rhodopsin. Blue box at the C-terminus corresponds 

to the 1D4 epitope.  

  

Figure 2.6B: 10- and 4- residue tags for visualizaƟon with 1E10. 1D4 (leŌ) or 1E10 (right) was used to 

visualize shRho and tagged shRho mutants in western blot.  

 

SFKE or 
SFKENEENIQ 
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Figure 2.6C: Difference spectra of shRho and tagged-shRho mutants. Absorbance was measured for 80-

90 μL solubilized membranes (15 cm plate in 1 mL 1X PBSSC + 1% dodecylmaltoside) in the dark state 

(inacƟvated), then photobleached (acƟvated) on a Shimadzu 1601 spectrophotometer. Absorbance 

spectra of dark (inacƟvated) rhodopsin was subtracted from the absorbance spectrum of light acƟvated 

rhodopsin. Blue line represents the difference spectrum for shRho (WT rhodopsin), grey line represents 

the difference spectrum for SFKE-Rho, and the orange line represents the difference spectrum for 1E10-

Rho. The magnitude of the change can be used to assess the amount of funcƟonal receptor produced 

that regenerated with the light-sensiƟve ligand 11-cis reƟnal. 
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Figure 2.6D: Immunofluorescence of transient transfecƟon of 4- residue addiƟon mutant rhodopsin (leŌ) 

or shRho (right) stained with 1E10 (top) or 1D4 (boƩom). SFKE-Rho or shRho were transiently 

transfected into HEK 293 cells on coverslips without addiƟon of large-T anƟgen plasmid (pRSV plasmid). 

Cells were stained with 1E10 or 1D4 and a goat-anƟ-mouse AF488 secondary anƟbody. Confocal images 

were collected on a Zeiss Apotome 3 confocal microscope at 63X magnificaƟon. 
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2.7 Tables:  

Table 2.1: CB1 Monoclonal AnƟbody concentraƟons and remaining aliquots at -80 ◦C.  

AnƟbody ConcentraƟon (mg/ml) 

3A3 2.1 

5G3 5.50 

8E3 2 

10C6.1 1.5 

1E10.2 5.3 

 

 
Table 2.2: Phusion PCR 

Table 2.2A: PCR set-up 

5X Phusion 10 

10 mM dNTPs 1 

10 uM FWD  2.5 

10 uM REV  2.5 

Template (10 ng/μl) 1.0 

Phusion Pol. 0.5 

H2O 32.5 
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Table 2.2B: PCR cycling condiƟons 

Temperature (◦C) Time No. cycles 

98 2 min 1 

98 1 min 35 

61 1 min   

72 2 min   

72 7 min 1 

4 hold  

 

Overlap extension  

Table 2.3: Overlap extension PCR Step 1 

Table 2.3A: PCR set-up 

  AB fragment CD fragment 

10 X buffer 5 5 

dNTPs (2.5 mM each) 4 4 

Template DNA (115 ng/μL) 1 1 

Rho1 (10 uM) 5 - 

Mutagenic primer 1 (fwd), (10 uM) - 5 

Mutagenic primer 2 (rev), (10 uM) 5 - 

Rho2 (10 uM) - 5 

Phusion polymerase 1 1 

Water 29 29 
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Table 2.3B: PCR Cycling condiƟons 

Temperature (◦C) Time No. cycles 

95 3 min 1 

94 1 min 30 

55 1 min   

72 2 min   

72 5 min 1 

4 hold  

 

Table 2.4: Overlap extension PCR step 2 

Table 2.4A: PCR set-up 

10 X buffer 5 

dNTPs (2.5 mM each) 4 

Rho1 (10 uM) 5 

Rho2 (10 uM) 5 

AB primer (~125 ng) ~125 ng 

CD primer (~125 ng) ~125 ng 

Phusion polymerase 1 

Water 28 
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 Table 2.4B: PCR cycling condiƟons 

Temperature (◦C) Time No. cycles 

95 2 min 1 

94 1 min 30 

55 1 min   

72 2 min   

72 7 min 1 

4 hold  

 

 
Table 2.5: PepƟdes used in immunoprecipitaƟon studies 

Name Amino Acid Sequence ModificaƟon 

Ac-SFKENEENIQ SFKENEENIQ N-terminal acetylaƟon 

IL3 SIIIHTSED None 

1D4 TETSQVAPA None 

SFKE SFKE None  

Ac-SFKE SFKE N-terminal acetylaƟon 

Ac-SFKA SFKA N-terminal acetylaƟon 

MSFKE MSFKE None 

Ac-MSFKE MSFKE N-terminal acetylaƟon 
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Chapter 3 

3.1 IntroducƟon 

In the previous chapter, three anƟ-CB1 monoclonal anƟbodies were validated for their use in 

immunofluorescence. This iniƟal validaƟon was performed in COS-1 cells with PEI transfecƟon. However, 

our qualitaƟve observaƟons of transfected and stained cells by immunofluorescent confocal microscopy 

indicated less than opƟmal transfecƟon condiƟons. In addiƟon to a very low transfecƟon efficiency, many 

cells contained damaged, irregular, or mulƟple nuclei. Cells were also oŌen misshapen with large spindle 

regions. To address these concerns, I tested various transfecƟon condiƟons to find a more opƟmal 

protocol for observing CB1 and CB1 mutant dynamics in transiently transfected cells.  

With the development, characterizaƟon, and validaƟon of novel anƟ-CB1 anƟbodies (see 

Chapter 2), we now have a new tool to examine the role of the CB1 N-terminus as well as probe 

potenƟal co- or post-translaƟonal modificaƟons. One of the novel anƟbodies, 1E10, recognizes an 

epitope at the N-terminus, which raises the possibility of using this epitope as a visualizaƟon tag to 

assess if modificaƟons occur (such as proteolysis of some of the N-terminus or glycosylaƟon in or near 

the anƟbody epitope), as these would prevent binding of 1E10 to the N-terminus of the receptor. When 

paired with a C-terminal binding anƟbody, such as 1D4, it should be possible to visualize a whole-

receptor populaƟon using the C-terminal binding anƟbody while probing for un-modified N-termini with 

1E10. However, one challenge with implemenƟng this approach in the current work is that all of the 

anƟbodies described here are mouse monoclonal anƟbodies, and thus would all bind the same 

secondary anƟbody. Therefore, fluorescently conjugated anƟbody Fabs, small anƟbody fragments 

containing the anƟgen-binding region, were used in a two-step labeling process for 

immunofluorescence. 

In this chapter, opƟmal transfecƟon condiƟons were established, a protocol to mulƟplex with 

primary anƟbodies from the same source animal was validated, and CB1 mutant surface expression was 
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visualized with confocal microscopy. ColocalizaƟon analysis of surface staining with an anƟ-CB1 

polyclonal anƟbody and an intracellular anƟ-CB1 monoclonal anƟbody was used to assess the impact of 

N-terminal glycosylaƟon on CB1 surface expression.  

 

3.2 Methods 

Mutants:  

The primary mutants used in this chapter are shCB1-C2, CB1-GL, and SFKE-CB1. The first two 

mutants are described in chapter 2. The third mutant is shCB1-C2, which is a full length, minimal cysteine 

CB1 containing only two cysteines 38, into which residues SFKE were added to the N-terminus. All 

mutants contain the 1D4 tag at the C-terminus. Another mutant used in this work is shCB1-C2 N77Q, 

N83Q, which is an N-linked glycosylaƟon deficient mutant of shCB1-C2 generated by Dr. Emily PlaƩ.  

Buffers:  

Fixing buffer: 4% formaldehyde in 1X PBSSC.  

Blocking buffer: 4% horse serum, 0.1% Triton-X100, 1X PBSSC.  

AnƟbody buffer: 1X PBSSC with 0.1% Tween-20.  

Immunofluorescence:  

Cell lines used included HEK 293 and HEK 293 GNTI-. Several different transfecƟon condiƟons 

were tested and are described below. Cells were seeded onto poly-L-lysine coated coverslips in 12-well 

plate 16 hours prior to transfecƟon. AŌer 36-48 hours, cells were fixed with fixing buffer and blocked 

with blocking buffer prior to staining. Staining condiƟons are also described below. AŌer staining, 

coverslips were carefully transferred to glass slides with a drop of VectaShield mounƟng medium with 

DAPI and sealed with a thin layer of clear nail polish. Slides were imaged on a Zeiss Apotome 3 using the 

63X oil objecƟve. Images were processed in ImageJ.  
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TransfeX:  

TransfeX transfecƟon reagent was obtained from the ATCC. Several concentraƟons of TransfeX 

and DNA were tested for transfecƟon in HEK 293 cells or HEK 293 GNTI- cells. The raƟo of TransfeX to 

DNA was kept constant throughout.  

Large T-anƟgen addiƟon:  

The experiments here all used the expression vector pMT4, which was originally created in the 

Khorana lab 52 as a derivaƟve of pMT-2 53 which is a beta-lactamase derivaƟve of p91023 54. As the pMT4 

plasmid contains an SV40 promoter region to enable increased expression in the presence of the large T-

anƟgen 55,56, thus various concentraƟons of a plasmid containing large T-anƟgen (pRSVTag plasmid) were 

tested for the co-transfecƟon of the above mutants into HEK 293 cells as discussed below. The amount of 

plasmid containing mutant CB1 was adjusted to keep the total DNA concentraƟon constant.  

MulƟplexed immunofluorescence with rabbit polyclonal and mouse monoclonal primary anƟbodies:  

Prior to fixing and permeabilizing, cells were incubated with rabbit polyclonal anƟ-CB1 (residues 

1-77) anƟbody in anƟbody buffer for 5 minutes at room temperature. Then cells were fixed and 

permeabilized before incubaƟng with secondary anƟbody (goat-anƟ-rabbit AF568), followed by 5G3, 

then goat-anƟ-mouse AF488 each in anƟbody buffer for 1 hour at room temperature.  

MulƟplexed immunofluorescence with mouse primary anƟbodies:  

MulƟplexed immunofluorescence was accomplished with the use of fluorescently conjugated 

anƟ-mouse Fab fragments (Jackson ImmunoResearch Laboratories Inc.). Coverslips were incubated with 

primary anƟbody in anƟbody buffer for 1 hour at room temperature followed by 1 hour with anƟ-mouse 

Fab fragments in the same buffer for 1 hour at room temperature. IncubaƟon with the second primary 

and goat-anƟ-mouse AF488 proceeded in the same manner. A schemaƟc of this workflow is presented in 

Figure 2.  
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3.3 Results 

TransfecƟon opƟmizaƟon: Given the issues noted in the transfecƟons for immunofluorescence 

validaƟon, opƟmal transient transfecƟon condiƟons were explored to idenƟfy a more appropriate 

protocol for use in examining receptor surface expression. Specifically, several condiƟons were tested for 

Lipofectamine (not shown) and TransfeX (Figure 1). The TransfeX and DNA concentraƟons were increased 

in the transfecƟon protocol while keeping the Transfex:DNA raƟo constant (Figure 3.1A). It appeared that 

the highest concentraƟon tested, 8 uL TransfeX reagent and 4 ug DNA for transfecƟng a 12-well plate, 

performed the best. QualitaƟvely, the difference was marginal, and the transfecƟon efficiency was sƟll 

low. The cell line being used in these experiments, HEK 293, does not express the large T-anƟgen, 

whereas the plasmid being used, pMT4, uses an SV40 promoter 52–54,56 that when paired with the large T-

anƟgen can increase transfecƟon efficiency 57. Therefore, a range of concentraƟons of pRSV plasmid 

containing large T-anƟgen were tested in the transfecƟon (Figure 3.1B). The condiƟon containing 0.4 ug 

large T-anƟgen (10% of total DNA) showed the best transfecƟon efficiency based on qualitaƟve 

observaƟons. Several experiments in this chapter were conducted using the opƟmal condiƟons 

established here.  

MulƟplexed immunofluorescence with mouse anƟbodies: Another challenge in assessing CB1 

subcellular localizaƟon was determinaƟon of the anƟbodies to use for visualizaƟon of receptor. Most 

mutants that had previously been generated contain the 1D4 epitope (C-terminal). Similarly, several 

mutants contained an N-terminal 10- or 4- residue visualizaƟon tag, developed and validated in chapter 

2, which works with the 1E10 anƟbody. The other two anƟbodies characterized and validated in Chapter 

2, 3A3 and 5G3, recognize an epitope withing the intracellular loop 3 region of CB1. While all these 

anƟbodies are useful in visualizing CB1 in immunofluorescence, mulƟplexing with these anƟbodies is a 

challenge as they are all derived from mice. To evaluate the subcellular localizaƟon of various CB1 

isoforms, mulƟplexing with these previously validated anƟbodies was accomplished with the use of 
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fluorescently conjugated anƟ-mouse Fabs. A schemaƟc of the 4-step labeling technique is shown in 

Figure 3.2A. ValidaƟon of the technique involved staining both a negaƟve control mutant, shCB1-C2, 

which is not recognized by 1E10, and SFKE-CB1, which is recognized by both (Figure 3.2B). MulƟplexed 

staining of shCB1-C2 showed that staining with the fluorescently conjugated Fabs aŌer the first primary 

anƟbody prevented staining with the fluorescently conjugated secondary anƟbody (goat-anƟ-mouse 

AF488) regardless of which primary anƟbody was used first.  

Subcellular localizaƟon of CB1: This technique was then used to explore whether the CB1 N-

terminus affects the subcellular localizaƟon of CB1. Tagged CB1 (SFKE-CB1) and CB1-GL, an N-terminal 

truncaƟon mutant, were transiently transfected in HEK cells and probed using 1E10 (N-terminal) and 1D4 

(C-terminal) primary anƟbodies (Figure 3.3). Some cells appeared to show a slight increase in 

intracellular staining with 1D4 compared to N-terminal staining with 1E10 (Figure 3.3, top). This could 

potenƟally indicate that the populaƟon at the cell surface lacks the full CB1 N-terminus as it is not 

recognized by the n-terminal anƟbody, 1E10. However, this trend was only seen in some cells, while 

others contained a similar distribuƟon of staining across the two anƟbodies (Figure 3.3, boƩom). Given 

the divergence in results across data collected, the experiment was repeated with both the N-terminally 

truncated CB1-GL (Figure 3.4A) and the SFKE-tagged full length receptor (Figure 3.4B). CB1 distribuƟon in 

both samples remained heterogeneous, and further analysis was not pursued. Overall, it remains unclear 

whether the CB1 N-terminus is cleaved or if a subpopulaƟon of CB1 lacks the full N-terminus. The 

heterogeneous state of CB1 expression in transient transfecƟon further obscures potenƟal subtle 

regulatory trends. Further work to assess the populaƟon and distribuƟon of CB1 in cells is required and 

would benefit from the generaƟon of stable cell lines or endogenous sources.  

CB1 N-terminal glycosylaƟon: Finally, N-terminal glycosylaƟon was evaluated for its role in CB1 

surface expression. GlycosylaƟon-deficient CB1 mutant shCB1-C2 N77Q, N83Q was previously developed 

by Dr. Emily PlaƩ and was shown to lack N-linked glycosylaƟon by PNGase F digest. Previous live cell 
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imaging of shCB1-C2 and its glycosylaƟon deficient mutant in HEK 293 cells by Dr. Emily PlaƩ showed a 

decrease in surface expression of CB1 in the glycosylaƟon deficient mutant (Appendix 3). This work was 

replicated successfully in the same cell line in the present work (Figure 3.5). This decreased surface 

staining could indicate that N-linked glycosylaƟon plays a role in CB1 surface expression, but further 

analysis is necessary to support this finding.  

Impact of glycosylaƟon on CB1 surface expression: shCB1-C2 and the glycosylaƟon-deficient 

mutant were transiently expressed in HEK 293 cells and probed with a rabbit polyclonal anƟbody that 

recognizes the first 77 residues of CB1 or 5G3, which recognizes an intracellular epitope. ColocalizaƟon 

analysis was conducted to evaluate the overlap in staining and assess whether glycosylaƟon of the CB1 

N-terminus influenced CB1 surface expression (Figure 3.6). The imaging and colocalizaƟon analysis again 

revealed a great deal of heterogeneity in the expression and/or staining protocol. From this data, it 

remains unclear how cleavage or N-linked glycosylaƟon plays a role in regulaƟng CB1 surface expression.  

 

3.4 Discussion 

OpƟmal transient transfecƟon condiƟons were established to maximize transfecƟon efficiency 

and workflow. TransfeX transfecƟon reagent was obtained from the ATCC, and opƟmal transfecƟon 

condiƟons were determined for both the concentraƟon of TransfeX and DNA as well as the concentraƟon 

of plasmid containing large T-anƟgen. These opƟmized condiƟons increased the overall transfecƟon 

efficiency and allowed for analysis of more transfected cells in fewer images. The best transfecƟon 

occurred around the edges of cell clusters, so transfecƟon efficiency was also improved by transfecƟng 

when cells were sub-confluent (50-70% confluent) to maximize these higher efficiency zones.  

Most of the anƟbodies used in this chapter were generated from mice, so a method was 

established to mulƟplex with mouse monoclonal anƟbodies of similar or unknown Ig subtype. This 

method was validated to ensure that there was sufficient signal from the Fabs bound to the first primary 
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anƟbody and that there was minimal crosstalk between the first primary and secondary anƟbody or the 

second primary anƟbody and the Fabs.  

N-linked glycosylaƟon of CB1 was established and N-linked glycosylaƟon sites were mutated 

previously by Dr. Emily PlaƩ. Preliminary live cell IF results were replicated successfully using rabbit 

polyclonal anƟbodies to surface-stain live cells. To further probe the impact of N-linked glycosylaƟon on 

CB1 surface expression, an N-terminal binding anƟbody (rabbit anƟ-CB1, residues 1-77) and an 

intracellular binding anƟbody, 5G3, were used to probe surface expression of a full-length mutant CB1 

and a full-length, glycosylaƟon deficient CB1. ColocalizaƟon analysis was performed to assess the surface 

expression of CB1 relaƟve to the total CB1 populaƟon, but expression in both samples was very 

heterogeneous. This is likely due to the transient transfecƟon system, which oŌen results in a high 

degree of heterogeneity. Future experiments would benefit from generaƟon of stable cell lines or 

endogenous expression systems to remove some of the heterogeneity problem. Overall, mutaƟon of N-

linked glycosylaƟon sites did not appear to have a large impact on CB1 surface expression in transiently 

transfected HEK cells. 
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3.5 Figures 

 

Figure 3.1A: Various concentraƟons of TransfeX and DNA were tested in the transfecƟon of SFKE-CB1-C2 

in HEK 293 cells. SFKE-CB1-C2 was transiently transfected into HEK 293 cells with TransfeX transfecƟon 

reagent. Various concentraƟons were tested, maintaining a TransfeX to DNA raƟo of 2:1. Cells were 

stained with 1D4 and a goat-anƟ-mouse AF488 secondary anƟbody. Confocal images were collected on a 

Zeiss Apotome 3 confocal microscope at 63X magnificaƟon. 
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Figure 3.1B: Various concentraƟons of large T-anƟgen plasmid were tested in the transfecƟon of both 

HEK 293 cells with SFKE-CB1-C2. SFKE-CB1-C2 was transiently transfected into HEK 293 cells with 

TransfeX transfecƟon reagent. Total DNA was maintained at 4 ug. Cells were stained with 1E10 and a 

goat-anƟ-mouse AF488 secondary anƟbody. Confocal images were collected on a Zeiss Apotome 3 

confocal microscope at 63X magnificaƟon. 
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Figure 3.2A: SchemaƟc of mulƟplexed immunofluorescence with fluorescently conjugated Fabs. AŌer 

fixing, blocking, and permeabilizing, samples were incubated with the first primary anƟbody (1). Samples 

were then incubated with fluorescently conjugated (AF594) anƟ-mouse Fabs (2). AŌer incubaƟon with 

the second primary anƟbody (3), samples were incubated with the secondary anƟbody, goat-anƟ-mouse 

AF488 (4).  

 

 

Figure 3.2B: ValidaƟon of technique (IF images including controls). HEK 293 cells were transfected with 

shCB1-C2 (C-terminally tagged with 1D4, full-length mutant). Various combinaƟons of primary and 

secondary anƟbodies were tested to idenƟfy potenƟal off-target interacƟons. Confocal images were 

collected on a Zeiss Apotome 3 confocal microscope at 63X magnificaƟon. 
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Figure 3.3: Confocal images of HEK cells transiently transfected with SFKE-CB1-C2. SFKE-CB1-C2 was 

transiently transfected into HEK 293 cells and stained according to the scheme in Figure 3.2A with 1E10 

as the first primary anƟbody and 1D4 as the second primary anƟbody. Confocal images were collected 

on a Zeiss Apotome 3 confocal microscope at 63X magnificaƟon.  

 

 
Figure 3.4A: Immunofluorescence of CB1 N-terminal truncaƟon mutant, CB1-GL. CB1-GL was transiently 

transfected into HEK 293 cells and stained according to the scheme in Figure 3.2A with 1E10 as the first 

primary anƟbody and 1D4 as the second primary anƟbody. Confocal images were collected on a Zeiss 

Apotome 3 confocal microscope at 63X magnificaƟon. 
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Figure 3.4B: Immunofluorescence of tagged, full-length receptor, SFKE-CB1-C2. SFKE-CB1-C2 was 

transiently transfected into HEK 293 cells and stained according to the scheme in Figure 3.2A with 1E10 

as the first primary anƟbody and 1D4 as the second primary anƟbody. Confocal images were collected 

on a Zeiss Apotome 3 confocal microscope at 63X magnificaƟon. 

 

 
Figure 3.5: Live cell staining of surface receptor. shCB1-C2 or glycosylaƟon knock-out mutant shCB1-C2 

N77Q, N83Q were transfected into HEK 293 GNTI- cells, then stained with rabbit polyclonal (residues 1-

77) and goat-anƟ-rabbit AF568 in 1X PBSSC. Images of live cells in 1X PBSSC were captured on a Nikon 

Eclipse Ti2 at 20X magnificaƟon.  
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Figure 3.6A: Immunofluorescence of shCB1-C2 with colocalizaƟon analysis. CB1-C2 was transiently 

transfected into HEK 293 cells and stained with rabbit-anƟ-CB1 polyclonal anƟbodies (extracellular) prior 

to fixing and permeabilizing, then stained with 5G3 (intracellular anƟbody). Confocal images were 

collected on a Zeiss Apotome 3 confocal microscope at 63X magnificaƟon. LeŌ image shows all channels 

merged. Center image shows the red and green channels overlapped with a representaƟve region of 

interest (ROI). Right image shows scaƩerplot of pixel intensity.  
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Figure 3.6B: Immunofluorescence of shCB1-C2 N77Q, N83Q with colocalizaƟon analysis. CB1-C2 N77Q, 

N83Q was transiently transfected into HEK 293 cells and stained with rabbit-anƟ-CB1 polyclonal 

anƟbodies (extracellular) prior to fixing and permeabilizing, then stained with 5G3 (intracellular 

anƟbody). Confocal images were collected on a Zeiss Apotome 3 confocal microscope at 63X 

magnificaƟon. LeŌ image shows all channels merged. Center image shows the red and green channels 

overlapped with a representaƟve ROI. Right image shows scaƩerplot of pixel intensity. 
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3.6 Tables 

Table 3.1: ColocalizaƟon analysis summary for shCB1-C2 

Figure R total m b R colocalizaƟon 

5A (top) 0.472 1.042 17.8 0.4903 
5A (boƩom) 0.443 1.007 23.8 0.4844 

 

Table 3.2: ColocalizaƟon analysis summary for shCB1-C2 N77Q, N83Q 

Figure  Rtotal m b R colocalizaƟon 

5B (top) 0.282 1.644 -13 0.4592 
5B (middle) 0.560 0.458 14 0.5780 
5B (boƩom) 0.239 1.736 -15.1 0.4723 
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Chapter 4  

4.1 IntroducƟon 

Immunoaffinity purificaƟon is a common method for purificaƟon of both endogenous and 

recombinant protein. Protein purificaƟon is an important tool in any biochemical or molecular biological 

toolbox, with success typically measured by the concentraƟon and purity of the eluate. This can be 

evaluated using SDS-PAGE, Western blots, SEC spectra, unique spectral or funcƟonal features of the 

desired protein, and more 58–60.  

Several factors contribute to a successful purificaƟon. These include increasing the efficiency of 

binding and eluƟon, as these are key for increasing the concentraƟon of the eluate and increasing the 

effecƟve and specific binding to increase the purity of the final product.  

Protein purificaƟon can exploit different protein characterisƟcs including size, charge, and 

affinity 59–62. Affinity purificaƟon is one of the more common methods used. In the case of recombinant 

protein, various tags can be introduced to enable the protein to bind to purificaƟon columns or to track 

the protein during the purificaƟon process 60,63. When the protein source is endogenous and/or a wild-

type protein, elements or characterisƟcs of the protein itself must be used. This requires a level of 

understanding of the protein of interest at the beginning of the purificaƟon process or previously 

designed tools or affinity reagents to pull-down the protein of interest. Many affinity purificaƟon 

techniques, while specific for the protein of interest, are not specific for funcƟonal protein or folded 

protein. 

1E10 anƟbody may be a useful tool for purifying tagged receptors. In chapter 2, 1E10 was 

validated for use in visualizaƟon and immunoprecipitaƟon. Immunoaffinity purificaƟon is similar to 

immunoprecipitaƟon as both methods employ an anƟbody to exclude a specific target from a mixed 

soluƟon. For the purposes of this work, the primary disƟncƟons between the two are the scale, column, 

and eluƟon method. In these studies, immunoprecipitaƟon volumes are kept constant and small while in 
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immunoaffinity purificaƟon these can be scaled up and down more easily. ImmunoprecipitaƟon 

employed anƟbody binding to pre-coupled protein-A Sepharose columns while anƟbodies were coupled 

directly to Sepharose columns for immunoaffinity purificaƟon. Finally, in immunoprecipitaƟon studies, 

samples were eluted by denaturing the anƟbodies and receptor in gel-running buffer with DDT. For 

immunoaffinity purificaƟon, pepƟde corresponding to the anƟbody epitope is used to compeƟƟvely 

displace the receptors off the anƟbody column. Given the success of 1E10 in immunoprecipitaƟon in 

Chapter 2, I sought to test its potenƟal use in immunoaffinity purificaƟon, since both techniques rely on 

the affinity of the anƟbody for the target. In this chapter, I tested this idea. I used 10- and 4-residue tags 

corresponding to the 1E10 epitope introduced to the N-terminus of various CB1 and rhodopsin 

constructs and tested their ability to be purified using 1E10 immunoaffinity purificaƟon. For a posiƟve 

control, 1D4 anƟbody was also tested, as all constructs contain the 1D4 epitope and 1D4 is a well-

established tool for immunoaffinity purificaƟon (noted below).  

1D4 and Flag are common purificaƟon tags. Two commonly used purificaƟon tags consist of 

epitopes for the 1D4 and Flag anƟbodies. The 1D4 epitope is found endogenously at the C-terminus of 

many opsins 64 and has been well validated for purificaƟon of both endogenous and tagged recombinant 

protein. The 1D4 epitope can also be introduced to other, non-opsin proteins. The “Flag tag” is a 

syntheƟc sequence designed to be disƟnct from endogenous protein sequences 65. The Flag tag can only 

be used with recombinant protein as the sequence must be added to protein constructs prior to 

expression.  

MulƟvalent pepƟdes may improve immunoaffinity purificaƟon. One way to increase the 

efficiency of eluƟon for affinity chromatography is through use of mulƟvalent ligands 66. In the case of 

immunoaffinity purificaƟon, this involves the use of mulƟvalent pepƟdes, which contain mulƟple 

epitopes linked together, thus increasing the local concentraƟon of the anƟbody epitope which can lead 

to more efficient eluƟon in immunoaffinity purificaƟon. The Flag tag takes advantage of this principle in 
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the 3xFlag tag 67, which contains three versions of the epitope. In this chapter, I tested the applicaƟon of 

this principle using mulƟvalent pepƟdes to elute from 1D4 and 1E10 immunoaffinity columns.  

 

4.2 Methods 

PepƟdes: All pepƟdes were obtained from GenScript. PepƟdes, sequences, modificaƟons, and 

purity are noted in Table 4.1.  

Buffers:  

Buffer A: 1mM HCl pH 2.8.  

Buffer B: 0.1M NaHCO3, 500mM NaCl pH 8.3 

Buffer C: 0.2M Glycine pH 8.0 

Buffer D: 0.1M aceƟc acid/NaCH3COO, 500mM NaCl pH 4.0 

Buffer E: 0.1M Tris-HCl, 500mM NaCl pH 8.0 

Buffer F: PBSSC + 0.004% sodium azide 

Buffer G: 1X PBSSC, 0.05% DDM 

Buffer H: 5 mM MES, 0.05% DDM pH 6.0 

1E10 coupling to CNBr acƟvated Sepharose: 1.5 g CNBr Sepharose (GE Healthcare) was 

resuspended in 5 mL buffer A and nutated for 30 minutes at room temperature, then washed with 300 

mL Buffer A over approximately 30 minutes. Then beads were washed in 5 mL buffer B before addiƟon of 

anƟbodies. 5 mL of 5 mg/mL anƟbody was added to the acƟvated column and nutated for 1 hour at 

room temperature, then overnight at 4 ◦C. Flow-through from column was collected before washing with 

25 mL buffer B. The buffer was exchanged for buffer C by running 10 mL buffer C through the column, 

then beads were nutated for 2 hours at room temperature in 5 mL buffer C. Beads were then washed 

with 5 cycles of 25 mL buffer D followed by 25 mL buffer E. Buffer was exchanged for buffer F and beads 

were stored in 5 mL buffer F (~50/50 slurry).  
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Protein expression: Transient transfecƟon in COS-1 cells and harvest were conducted as 

described in Chapter 2. Cell pellets were resuspended in 0.9 mL buffer per 150 mm Ɵssue culture plate 

transfected. Membranes were solubilized in either RIPA or 1X PBSSC + 1% dodecylmaltocyde (DDM) with 

protease inhibitors (1X HALT, 5 µg/mL LeupepƟn, 0.5 mM PMSF). AŌer pelleƟng at either 14,000 rpm in a 

table-top ultracentrifuge for 20 minutes or at 40,000 rpm for 30 minutes in a TI-60 rotor, supernatant 

was collected, and total protein concentraƟon was measured using the Lowry Assay (BioRad).  

Immunoaffinity purificaƟon: All rhodopsin constructs were incubated for at least 1 hour at room 

temperature with 5-10 µM 11-cis reƟnal in the dark to reconsƟtute protein. For these constructs, 

purificaƟons were conducted in the dark under red lights.  

For small-scale purificaƟon, 50 µg total protein (in solubilized membranes) was added to 100 µL 

solubilizaƟon buffer. Then 25 µL of 50/50 anƟbody-sepharose slurry was added and all were nutated 90 

minutes at 4 ◦C. Supernatant was collected before washing three Ɵmes with 150 µL solubilizaƟon buffer 

with a 15-minute nutaƟon at 4 ◦C per wash. AŌer washing, receptor was eluted in 20 µL EluƟon buffer 

(solubilizaƟon buffer + 200 µM pepƟde), incubaƟng 30 minutes at room temperature per eluƟon. For 

denature samples, 25 µL gel running buffer was added to columns, then incubated for 30 minutes at 

either 65 ◦C for CB1 mutants or room temperature for rhodopsin mutants.  

For large-scale purificaƟon, 500 µL 50/50 anƟbody-bead slurry was added to solubilized 

membranes, volume and concentraƟons were adjusted to 15 mL 1 M NaCl, 2 mM MgCl2, 1% DDM, 1X 

PBSSC, then nutated overnight at 4 ◦C. AŌer collecƟon of flow-through, columns were washed with 30 

mL Buffer G, then 30 mL Buffer H. Receptor was eluted in 200 µL Buffer H + 40 mM NaCl, 200 µM 

corresponding pepƟde.  

AŌer purificaƟon, 25 µL each sample in 1X gel running buffer were applied to 8% acrylamide 

gels. The gels were run at 50-75 V unƟl dye began running off the gel. For Coomassie staining, gels were 

first rinsed with water for 20 minutes, then incubated for 1 hour in Instant Blue (Abcam). For Western 
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Blots, gels were transferred to PVDF membranes for 1 hour at 190 mA. Membranes were blocked 

overnight in 50% Licor blocking soluƟon, then stained with 1D4 primary anƟbody and goat-anƟ-mouse 

AF680 secondary anƟbody. Membranes were visualized on Sapphire Imager, images were processed with 

ImageJ, and labels added in Inkscape.  

 

4.3 Results 

1E10 can be used to purify CB1-GL. Given the success of 1E10 for use in immunoblot, 

immunoprecipitaƟon, and immunofluorescence (Chapter 2), it was also tested for use in immunoaffinity 

purificaƟon. 1E10 was coupled to CNBr acƟvated Sepharose, then used to purify CB1-GL, a CB1 mutant 

against which 1E10 was originally generated (Figure 4.1). Overall, this purificaƟon was successful, with 

CB1-GL strongly present in each of the three eluƟon lanes. However, a substanƟal amount of receptor 

remained on the column, as indicated by a strong band at ~30 kDa in the denatured lane. Overall, these 

purificaƟon results are consistent with purificaƟon of the same construct with 1D4-coupled beads 

(Figure 4.1), indicaƟng that 1E10 may be useful for immunoaffinity purificaƟon.  

Detergent condiƟons alter immunoaffinity purificaƟon of CB1-GL for both anƟbodies. Given the 

previous ability to immunoaffinity purify CB1-GL solubilized in RIPA, the same protocol was then tested 

with DDM (dodecylmaltoside), a commonly used detergent used in GPCR studies. In this case, DDM did 

not appear to improve overall purificaƟon with the intensity of eluƟon bands appearing to decrease 

while the ~30 kDa band in the denature lane remains high intensity (Figure 4.2). DDM is a gentler 

detergent than those used in RIPA buffer, so this result was surprising. The high intensity of the ~30 kDa 

band in the denature lane indicates that most of the receptor remained on the column aŌer eluƟons, 

which could indicate a stronger anƟbody-anƟgen interacƟon with DDM. It is possible that harsher 

detergent condiƟons weaken the binding interacƟon between 1E10 and the epitope, allowing for more 

efficient eluƟon due to a less stable receptor or interacƟon. This demonstrates the importance of 
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choosing detergent and buffer condiƟons that work well for both the protein of interest and anƟbody 

being used in immunoaffinity purificaƟon.  

ModificaƟons of the 1E10 epitope can be used to alter anƟbody affinity and improve purificaƟon 

of CB1-GL by 1E10. One of the advantages of using the 1D4 anƟbody for purificaƟon schemes lies in its 

intermediate affinity for the epitope (~ 1 µM), which makes it possible to release the bound anƟbody 

using compeƟng pepƟdes 64. Based on the pepƟde compeƟƟon assays from Chapter 2, 1E10 seems to 

have a higher affinity for its epitope, which would be a disadvantage in immunoaffinity purificaƟon as it 

can make it difficult to elute protein from the column. A single glycine addiƟon to the extreme N-

terminus of CB1-GL can decrease the affinity of 1E10 for the receptor (Figure 4.3A), as does mutaƟng 

K90 and E91 to alanine (Figure 4.3A). Both mutants were tested for immunoaffinity purificaƟon with 

1E10 to assess if these epitope-alteraƟons could potenƟally improve the eluƟon yield from the column 

and generate a more efficient purificaƟon tag. The single glycine addiƟon mutant did appear to perform 

slightly beƩer than CB1-GL in immunoaffinity purificaƟon by 1E10, as evidenced by the strong band at 

~30 kDa in the first eluƟon lane (E1) and a reducƟon in the intensity of the same band in the denatured 

lane (Figure 4.3B, top leŌ). In contrast, the double alanine mutant did not purify well with either 1E10 or 

1D4 immunoaffinity purificaƟon as evidenced by only faint banding in the eluƟon lanes and a strong 

band in the flow-through lane of the 1D4-purificaƟon (Figure 4.3B, boƩom). Given the lack of 

improvement with alanine mutaƟons, it would appear this sequence would not be a good candidate for 

a purificaƟon tag. To further probe the use of the single glycine addiƟon epitope sequence for use with 

1E10, this purificaƟon was repeated with PBSSC/DDM buffer rather than RIPA buffer (Figure 4.3C). 

Results of this purificaƟon were consistent, showing overall improvement compared to CB1-GL. Given 

the preliminary success of the single glycine addiƟon, this sequence, GSFKENEENIQ, presents a potenƟal 

purificaƟon tag for use with 1E10. Of note, this tag would include acetylaƟon of the terminal glycine 

residue, rather than the serine.  
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1E10 can be used to purify tagged rhodopsin mutants but is not as effecƟve as 1D4. Either a 4- 

(SFKE) or 10-residue (SFKENEENIQ) tag was added to the N-terminus of a syntheƟc human rhodopsin 

mutant. Given the tag is included in the expressed receptor, it is expected that N-terminal processing 

would proceed in the same manner as with CB1_GL, including cleavage of the start methionine and 

acetylaƟon of the terminal serine residue. These mutants were then purified with 1E10 or 1D4 as 

described previously. In small-scale purificaƟon, both anƟbodies appeared to purify tagged receptor 

similarly (Figure 4.4A), however, when scaled up to a 0.5 mL column volume, 1D4 outperformed 1E10 

(Figure 4.4B), with most of the protein coming off in the last eluƟon. No denature condiƟon was 

evaluated for the large columns so that beads could be regenerated for re-use. Of note, the scaled-up 

purificaƟon used PBSSC + DDM, whereas the smaller-scale purificaƟons used RIPA buffer. This result 

again indicates the importance of using the appropriate buffer condiƟons for purificaƟon.  

MulƟvalent pepƟdes improve eluƟon from 1D4 immunoaffinity column slightly, but do not 

improve eluƟon from 1E10 immunoaffinity column. While opƟmizing the anƟbody-tag affiniƟes can 

improve immunoaffinity purificaƟon, another potenƟal way to improve immunoaffinity purificaƟon is by 

opƟmizaƟon of the eluƟng agent, in this case, the compeƟng pepƟde. A classic example is the Flag tag 67. 

To improve the efficacy of the eluƟng pepƟde, mulƟvalent pepƟdes were developed for both 1D4 and 

1E10 columns. Both pepƟdes contain two copies of the epitope, connected by a short linking region. For 

1D4, the connector region is two glutamate residues as this was shown to work for an internal epitope 

region on a previous construct 68, making the final mulƟvalent pepƟde TETSQVAPAEETETSQVAPA. For 

1E10, a series of 4 glycine residues was used as a connector region given the ability of 1E10 to recognize 

the epitope with a single glycine residue addiƟon at the N-terminus, making the final mulƟvalent pepƟde 

SFKEGGGGSFKE. While eluƟon of rhodopsin from ROS was improved by the mulƟvalent pepƟde in 

eluƟon 2 (Figure 4.5A, E2), eluƟon from the 1E10 column was not improved by the mulƟvalent pepƟde 
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(Figure 4.5B). Overall, mulƟvalent pepƟdes did not increase eluƟon efficiency dramaƟcally for either 

anƟbody.  

 

4.4 Discussion 

Overall, 1E10 was able to purify mutant CB1 and tagged rhodopsin. While small-scale 

purificaƟon of tagged rhodopsin mutants showed similar efficacy between the two anƟbodies, this was 

not maintained when the purificaƟons were scaled up. PurificaƟon was improved by introducing a single 

glycine mutaƟon at the start of the 1E10 epitope, which reduces the affinity of the anƟbody. However, 

alanine mutaƟons that also lower affinity did not improve purificaƟons. Thus, a purificaƟon tag with a 

glycine at the start could improve funcƟonality at increased column sizes.  

In retrospect, the minimal improvement provided by the mulƟ-valent eluƟon pepƟdes for 1E10 

and 1D4 is not surprising. Placement preference of both 1D4 and 1E10 may hinder the ability of 

mulƟvalent pepƟdes to improve purificaƟon. The 1D4 anƟbody requires the epitope be located at the 

extreme C-terminus, and thus has very poor recogniƟon of internal epitopes 48,69. Similarly, as discussed 

in Chapter 2, 1E10 must be located at the extreme N-terminus for opƟmal anƟbody binding due to the 

inclusion of the N-terminal acetyl group in the anƟbody epitope. However, other mulƟ-valent techniques 

could sƟll potenƟally improve purificaƟons using anƟbody. For example, branching the epitope pepƟdes 

so they all present in the preferred orientaƟon could improve eluƟon. 

  

  



59 
 

4.5 Figures 

  

Figure 4.1: PurificaƟon of CB1-GL with 1E10 and 1D4 in RIPA. CB1-GL was purified with either 1E10- or 

1D4-coupled sepharose as indicated. SolubilizaƟon, wash, and eluƟon buffer were all 1X RIPA. EluƟon 

buffer also contained 200 µM pepƟde, N-terminally acetylated SFKENEENIQ for 1E10 and TETSQVAPA for 

1D4. AŌer three eluƟons (E1, E2, and E3), remaining protein was denatured off sepharose beads in gel 

loading buffer at 65 ◦C for 30 minutes. Western blots were stained with 1D4 primary anƟbody and goat-

anƟ-mouse AF680 secondary. Of note, bands at ~50 kDa and ~25 kDa in the denatured lane represent 

heavy and light anƟbody chains (compare with the 1E10 alone lane).  
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Figure 4.2: PurificaƟon of CB1-GL with 1E10 in PBSSC + 1% DDM. CB1-GL was purified with either 1E10- 

coupled sepharose. SolubilizaƟon, wash, and eluƟon buffer were all 1X PBSSC + 1% DDM. EluƟon buffer 

also contained 200 µM N-terminally acetylated SFKENEENIQ. AŌer three eluƟons (E1, E2, and E3), 

remaining protein was denatured off sepharose beads in gel loading buffer at 65 ◦C for 30 minutes. 

Western blots were stained with 1D4 primary anƟbody and goat-anƟ-mouse AF680 secondary. Of note, 

bands at ~50 kDa and ~25 kDa in the denature and 1E10 lane represent heavy and light anƟbody chains. 

 

 

Figure 4.3A: MutaƟons in the N-terminus of CB1-GL decrease the affinity of 1E10 for the receptor. 

Mutant CB1 was transiently expressed in Cos-1 cells. Western blots of RIPA solubilized membranes were 

probed with 1E10 (leŌ) or 1D4 (right, expression control).  
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Figure 4.3B: PurificaƟon of CB1-GL N-terminal mutants with 1E10 or 1D4. CB1-GL G88 or CB1-GL K90A, 

E91A were purified with either 1E10- or 1D4-coupled sepharose as indicated in RIPA. AŌer three eluƟons 

(E1, E2, and E3), remaining protein was denatured off sepharose beads in gel loading buffer at 65 ◦C for 

30 minutes. Western blots were stained with 1D4 primary anƟbody and goat-anƟ-mouse AF680 

secondary.  
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Figure 4.3C: Immunoaffinity purificaƟon of CB1-GL G88 with 1E10 in PBSSC + DDM. CB1-GL G88 was 

purified with either 1E10- coupled sepharose. SolubilizaƟon, wash, and eluƟon buffer were all 1X PBSSC 

+ 1% DDM. EluƟon buffer also contained 200 µM N-terminally acetylated SFKENEENIQ. AŌer three 

eluƟons (E1, E2, and E3), remaining protein was denatured off sepharose beads in gel loading buffer at 

65 ◦C for 30 minutes. Western blots were stained with 1D4 primary anƟbody and goat-anƟ-mouse AF680 

secondary. Of note, bands at ~50 kDa and ~25 kDa in the denature and 1E10 lane represent heavy and 

light anƟbody chains.  
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Figure 4.4A: PurificaƟon of tagged rhodopsin mutants with 1E10 or 1D4. SFKE- or SFKENEENIQ-tagged 

rhodopsin were purified with either 1E10- or 1D4-coupled sepharose as indicated in RIPA. AŌer three 

eluƟons (E1, E2, and E3), remaining protein was denatured off the sepharose beads in gel loading buffer 

at 65 ◦C for 30 minutes. Western blots were stained with 1D4 primary anƟbody and goat-anƟ-mouse 

AF680 secondary. 
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Figure 4.4B: Large-scale purificaƟon of tagged rhodopsin. SFKE-tagged rhodopsin was solubilized in 1X 

PBSSC + 1% DDM, then purified with 0.5 mL column of either 1E10- or 1D4-coupled sepharose as 

indicated. Both Western blots were stained with 1D4 primary anƟbody and goat-anƟ-mouse AF680 

secondary.  

 

 

Figure 4.5A: MulƟvalent 1D4 pepƟde for improved eluƟon from 1D4 column. Bovine rhodopsin from 

ROS was solubilized in 1X PBSSC + 1% DDM, then purified using 1D4-coupled Sepharose. EluƟons were 

performed by addiƟon of either 200 µM 1D4 pepƟde (TETSQVAPA) or 1D4x2 pepƟde 

(TETSQVAPAEETETSQVAPA). Gel was visualized with Instant Blue (Coomassie).  
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Figure 4.5B: Test of mulƟvalent SFKE pepƟde for improving eluƟon from 1E10 column. CB1-GL G88 was 

solubilized in 1X PBSSC + 1% DDM, then purified with 1E10-coupled Sepharose. EluƟons were performed 

with 200 µM SFKE pepƟde (SFKE), SFKEx2 pepƟde (SFKEGGGGSFKE), or 1E10 pepƟde (SFKENEENIQ). Top 

gel is imaged with Instant Blue (Coomassie). BoƩom western blot was stained with 1D4 primary anƟbody 

and goat-anƟ-mouse AF680 secondary. 
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4.6 Tables 

Table 4.1: PepƟdes obtained from Genscript for use in protein purificaƟon.  

PepƟde Sequence ModificaƟon Purity 

SFKE SFKE N-terminal acetylaƟon >95% 

1E10 SFKENEENIQ N-terminal acetylaƟon >95% 

1D4 TETSQVAPA None >99% 

SFKEx2 SFKEGGGGSFKE N-terminal acetylaƟon >85% 

1D4x2 TETSQVAPAEETETSQVAPA None >85% 
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Chapter 5: Summary and Future DirecƟons 

5.1: Summary of significance 

 G-protein coupled receptors (GPCRs) are a family of transmembrane proteins that transduce 

signals across a membrane. Approximately 30-40% of all FDA approved drugs target a GPCR 5. One of 

these receptors, the cannabinoid type 1 receptor (CB1) is a class A GPCR that interacts with endogenous 

ligands N-arachidonoylethanolamine (Anandamide) and 2-Arachidonoylglycerol (2-AG) 9–11, 

phytocannabinoids like Δ9 THC 8, and syntheƟc agonists such as CP-55940 and Win 55212-2 70. CB1 is 

located throughout the central nervous system and plays a role in synapƟc plasƟcity 20,26,71–73. Despite the 

important role CB1 plays in both normal physiologic acƟviƟes and in disease states such as Parkinson’s 

disease, Alzheimer’s disease, mulƟple sclerosis, epilepsy, depression and more 12,13, new tools to 

examine the structure and expression of this important receptor are sƟll needed.  

 One intriguing aspect about CB1 is that it retains such an unusually long N-terminus for a class A 

GPCR, and this region currently has no well-defined funcƟon. Previous analysis of CB1 mutants has 

shown that the majority of the CB1 N-terminus can be deleted without blocking receptor signaling, 

however, several cysteine residues in the N-terminus can modulate receptor acƟvity 35. Given the length 

and conservaƟon of this region, it is very possible that it is involved in an addiƟonal role in receptor 

modulaƟon. There is increasing evidence for a potenƟal role of an intracellular populaƟon of CB1 that 

can signal, and the CB1 N-terminus may play a role in this localizaƟon 29–31. It remains unclear how CB1 is 

distributed and how the subcellular localizaƟon of CB1 is modulated.  

 This thesis begins to address these gaps in knowledge by characterizing and validaƟng three 

novel anƟ-CB1 monoclonal anƟbodies, and by generaƟng and validaƟng two N-terminal tags for use with 

one of these anƟbodies, 1E10. Furthermore, several applicaƟons of these anƟbodies were explored 

specifically to study the role of post- or co-translaƟonal modificaƟon on subcellular localizaƟon of CB1. 

Finally, this thesis explores the funcƟonality of the N-terminal anƟbody, 1E10, in immunoaffinity 
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purificaƟon and aƩempts to improve classic immunoaffinity purificaƟon with mulƟplexed anƟbody 

epitopes.  

 

5.2: CharacterizaƟon and validaƟon of novel anƟ-CB1 anƟbodies and generaƟon of a novel visualizaƟon 

tag. 

 Novel anƟ-CB1 monoclonal anƟbodies generated for the Farrens lab by Dr. Dan Crawley (OHSU 

VGTI) and Dr. Jon Fay (OHSU, Farrens lab) were iniƟally characterized by Dr. Jon Fay 37. I carried out a 

more extensive characterizaƟon of three of these anƟbodies, idenƟfying the specific epitope of each 

anƟbody. Two of these anƟbodies, 5G3 and 3A3, share an epitope in the intracellular loop 3 region of 

CB1. Both of these anƟbodies were also validated for use in immunoblot, immunoprecipitaƟon, and 

immunofluorescence.  

 The third monoclonal anƟbody, 1E10, was also characterized and validated. This anƟbody binds a 

short epitope located at the extreme N-terminus of the mutant the anƟbody was generated against, 

CB1_GL 37,45. Through a series of pepƟde compeƟƟon assays and alanine scans, I idenƟfied four key 

residues that contribute the most to this anƟbody epitope – SFKE. One of these pepƟde compeƟƟon 

immunoprecipitaƟon assays strongly suggests that an N-terminal acetyl group is part of the anƟbody 

epitope.  Moreover, a second pepƟde compeƟƟon immunoprecipitaƟon assay suggests that this 

acetylaƟon must occur aŌer the cleavage of the start methionine, as neither of the pepƟdes containing a 

methionine (MSFKE) were able to compete with the 1E10 anƟbody binding. Together, these data reveal a 

short epitope beginning SFKE with a preference for an obligate acetylated N-terminus.  

 When added to another GPCR, rhodopsin, both 10- and 4-residue versions of the 1E10 epitope 

tag could be detected by the 1E10 anƟbody in immunoblots. Of note, the 4-residue tag disrupted the 

acƟvaƟon of rhodopsin less than the 10-residue tag, likely because it had less of an impact on receptor 

glycosylaƟon. Further validaƟon of these tags in other proteins, including soluble proteins, could 
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increase the impact of these tags. In parƟcular, the 4-residue tag could be used with proteins that do not 

perform well with other N-terminal tags, such as the Flag tag.  

 

5.3: Role of the CB1 N-terminus in CB1 subcellular localizaƟon.  

 To study the impact of the CB1 N-terrminus on receptor localizaƟon in the cell, the novel anƟ-

CB1 anƟbodies described above were used in conjuncƟon with commercially available anƟbodies to 

visualize transiently transfected CB1 mutants. Transient transfecƟon condiƟons were opƟmized for 

immunofluorescence in HEK 293 cells, then two labeling schemes were validated for use in exploring the 

role of the CB1 N-terminus in receptor subcellular expression. First, a labeling scheme was developed to 

visualize receptors using primary anƟbodies from the same species, allowing for mulƟplexed imaging of 

transiently expressed receptors. A second strategy was employed to visualize untagged, full-length 

receptor and perform a co-localizaƟon analysis to assess the potenƟal for glycosylaƟon and/or 

proteolyƟc cleavage of some or all the N-terminus to play a role in CB1 subcellular localizaƟon. 

  In all experiments, the use of transient expression resulted in a high degree of heterogeneity, 

which prevented meaningful analysis. Future studies would benefit from stable cell lines or endogenous 

sources. Neuronal cell lines, such as Neuro2a cells, could be a beƩer system for future studies as they 

express wild type CB1 74. Using an endogenous expression system would be more physiologically relevant 

and would remove arƟfacts caused by overexpression. Several of the novel anƟ-CB1 anƟbodies, 

intracellular binding 3A3 and 5G3, recognize wild-type CB1 and could be used in this system to evaluate 

CB1 expression. Appropriate validaƟon and controls would need to be conducted to validate these novel 

anƟbodies for use in this system.  
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5.4: Affinity-based purificaƟon strategies.  

Preliminary data is promising for the use of 1E10 in immunoaffinity purificaƟon. 1E10 coupled 

sepharose could be used to purify several constructs including tagged rhodopsin mutants. There is sƟll 

room for improvement, parƟcularly in the eluƟon of receptor. Reducing the affinity of the anƟbody for 

the tag by mutaƟng the epitope improved eluƟon from the 1E10 column for the single glycine addiƟon 

mutant (CB1-GL G88), but not for the double alanine mutant (CB1-GL K90A, E91A). Detergent also had 

an impact on purificaƟon condiƟons. PurificaƟon with 1E10 coupled sepharose appeared to be improved 

with the use of RIPA buffer, while purificaƟons with 1D4 coupled sepharose was improved with 

dodecylmaltoside (DDM). DDM is a commonly used detergent in GPCR studies as it is a gentle, non-ionic 

detergent that has been shown to work in funcƟonal assays of GPCRS 45,46,64. RIPA buffer contains P-

Nonidet, a non-ionic detergent, and deoxycholate, an ionic detergent. This makes it a poor candidate for 

funcƟonal studies of GPCRs. Overall, 1D4 outperforms 1E10 for immunoaffinity purificaƟon. This is likely 

because the affinity of 1D4 for its epitope is more moderate than 1E10, which enables beƩer eluƟon off 

the column using compeƟng pepƟdes. Consistent with this interpretaƟon, immunoaffinity purificaƟon 

with 1E10 improved with addiƟon of a glycine residue in front of the epitope region to reduce affinity for 

the epitope. In addiƟon, 1D4 performs beƩer in gentler detergent such as DDM, while 1E10 appears to 

prefer harsher detergent condiƟons as seen in RIPA.  

MulƟplexed pepƟdes containing two anƟbody epitopes were used to aƩempt to improve eluƟon 

from 1D4 and 1E10 columns. This concept has been employed previously with success with the anƟ-Flag 

anƟbody 75. While there was a very slight improvement in eluƟon from the 1D4 column in a preliminary 

test, there was no improvement in eluƟon from the 1E10 column. The lack of overall success is likely 

aƩributable to the fact that both anƟbodies prefer an extreme end of the tagged protein. 1D4 works 

best when located at the extreme C-terminus and 1E10 works best when located at the extreme N-

terminus. In order to take advantage of the increased local concentraƟon provided by mulƟplexing, 
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branched pepƟdes that maintain the end-preference of the anƟbody epitopes are more likely to be more 

successful than linear mulƟplexed pepƟdes.  
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Appendix 1: Primer list 

Table A1: Primer list and primer properƟes.  

Name Sequence length GC % TM (C) 
CB1_IL3 del 1 FWD CAGCCACGCCGTGCGGATGATCCAGCGGAGTGAGGACG

GCAAG 
43 67.4 77.1 

CB1_IL3 del 2 FWD CAGCCACGCCGTGCGGATGATCCAGCGGGGCACCCAGA
AGAAGGTGCAAGTG 

52 65.4 78.9 

CB1_IL3 del 3 FWD CAGCCACGCCGTGCGGATGATCCAGCGGGGCACCCAGA
AGAGCATCATCATCCACACTGACCAGGCGCGG 

70 65.7 81.9 

CB1_NtRev CGTGTGCAGGATCACGCACAGTAC 24 58.33 62.17 
Rho_1E10_Fwd CTGCAAGAATTCCACCATGTCCTTCAAGGAGAACGAGGA

GAACATCCAGAATGGCACAGAAGGC 
64 50 73.6 

Rho_1E10_Rev CGAGCACTGCAGGCCCTCGGGGATGTACCTGGA 33 66.7 72.5 
CB1_GL_I233A_H23
4A_fwd 

GAAGAGCATCATCGCCGCCACCAGTGAGGACG 32 62.5 69.8 

CB1_GL_I233A_H23
4A_rev 

CGTCCTCACTGGTGGCGGCGATGATGCTCTTC 32 62.5 69.8 

CB1_GL_T235A_S23
6A_fwd 

GCATCATCATCCACGCTGCTGAGGACGGCAAGG 33 60.6 69.9 

CB1_GL_T235A_S23
6A_rev 

CCTTGCCGTCCTCAGCAGCGTGGATGATGATGC 33 60.6 69.9 

CB1_GL_E237A_D2
38A_fwd 

CATCATCCACACCAGTGCGGCCGGCAAGGTGC 32 65.6 72.2 

CB1_GL_E237A_D2
38A_rev 

GCACCTTGCCGGCCGCACTGGTGTGGATGATG 32 65.6 72.2 

CB1_GL_G239A_K2
40A_fwd 

CATCCACACTAGCGAGGACGCCGCGGTGCAAGTG 34 64.7 72.3 

CB1_GL_G239A_K2
40A_rev 

CACTTGCACCGCGGCGTCCTCGCTAGTGTGGATG 34 64.7 72.3 

CB1_GL_V241A_Q2
42A_fwd 

GAGGACGGCAAGGCGGCCGTGACCCGCC 28 78.6 74.8 

CB1_GL_V241_Q24
2A_rev 

GGCGGGTCACGGCCGCCTTGCCGTCCTC 28 78.6 74.8 

CB1_GL_V243A_T24
4A_fwd 

GCAAGGTGCAAGCGGCGCGCCCCGACC 27 77.8 75 

CB1_GL_V243A_T24
4A_rev 

GGTCGGGGCGCGCCGCTTGCACCTTGC 27 77.8 75 

CB1_GL_S2_insert_f
wd 

CCAACTGCAAGAATTCCACCATGTCCTCCTTCAAGGAGAA
CGAGG 

45 51.1 69.8 

CB1_GL_R2_insert_
fwd 

CCAACTGCAAGAATTCCACCATGCGCTCCTTCAAGGAGA
ACGAGG 

45 53.3 71.4 

CB1_GL_NT_mut_re
v 

GGTAGGTTTCATCGATGTGGGGGAAGATGTC 31 51.6 63.4 

CB1_C2_1E10_inser
t_fwd 

GCAAGAATTCCACCATGTCCTTCAAGGAGAACGAGGAGA
ACATCCAGAAGTCCATCCTGGACGGC 

65 52.3 74.4 
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CB1_GL_S2R_fwd_2 GGTCCAACTGCAAGAATTCCACCATGCGCTTCAAGGAGA
ACG 

42 52.4 70.4 

CB1_GL_S88A_F89A
_fwd 

CTGCAAGAATTCCACCATGGCCGCCAAGGAGAACG 35 57.1 69.7 

CB1_GL_K90A_E91
A_fwd 

CTGCAAGAATTCCACCATGTCCTTCGCGGCGAACGAGGA
G 

40 57.5 71.6 

CB1_GL_N92A_E93
A_fwd 

CTGCAAGAATTCCACCATGTCCTTCAAGGAGGCCGCGGA
GAACATCC 

47 55.3 72.7 

CB1_GL_E94A_N95
A_fwd 

CTGCAAGAATTCCACCATGTCCTTCAAGGAGAACGAGGC
GGCCATCCAGGCCG 

53 58.5 75.7 

CB1_GL_I96A_Q97A
_fwd 

CTGCAAGAATTCCACCATGTCCTTCAAGGAGAACGAGGA
GAACGCCGCGGCCGGCGAG 

58 60.3 77.5 

CB1_GL_S88A_fwd CTGCAAGAATTCCACCATGGCCTTCAAGGAGAACG 35 51.4 66.8 
CB1_GL_F89A_fwd CTGCAAGAATTCCACCATGTCCGCCAAGGAGAACG 35 54.3 68.1 
CB1_GL_K90A_fwd CTGCAAGAATTCCACCATGTCCTTCGCGGAGAACGAGGA

G 
40 55 70 

CB1_GL_E91A_fwd CTGCAAGAATTCCACCATGTCCTTCAAGGCGAACGAGGA
G 

40 52.5 69.1 

CB1_GL_G2_fwd CCAACTGCAAGAATTCCACCATGGGCTCCTTCAAGGAG 38 52.6 68.4 
pmt4_866_fwd CGAGGAGGATTTGATATTCACCTGGCC 27 51.9 60.8 
CB1_C2_1G88_fwd CAAGAGCTTGAGCGGCTCCTTCAAGGAG 28 57.1 64.5 
CB1_C2_1G88_rev CTCCTTGAAGGAGCCGCTCAAGCTCTTG 28 57.1 64.5 
CB1_C2_4G88_fwd CAAGAGCTTGAGCGGCGGCGGCGGCTCCTTCAAGGAG 37 67.6 75.1 
CB1_C2_4G88_rev CTCCTTGAAGGAGCCGCCGCCGCCGCTCAAGCTCTTG 37 67.6 75.1 
pmt4_1D4_rev GGAATTTGCGGCCGCTTATGCAG 23 56.5 61.6 
Rho_1E10_short_fw
d 

CTGCAAGAATTCCACCATGTCCTTCAAGGAGAATGGCAC
AGAAGGC 

46 50 70.2 
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Appendix 2: Edman sequencing of proteolyƟc product of CB1  

Background:  

 The apparent molecular weight of CB1 varies depending on the experimental condiƟons 36,42,43. 

AddiƟonally, there are oŌen mulƟple bands on Western blots and the appearance of these bands can 

alter depending on the anƟbody used. Throughout work in the Farrens lab, a consistent band at ~40 kDa 

appears in addiƟon to expected, slightly higher molecular weight bands in western blots of full-length 

CB1. To determine if this band represents a proteolyƟc product and if so, where the proteolysis occurs, 

Dr. Emily PlaƩ submiƩed this band for Edman sequencing through the UC Davis proteomics center. 

Edman sequencing can analyze a protein or pepƟde sequence, beginning from the N-terminus 76. It 

generally requires that the N-terminus has been unmodified, or requires de-blocking steps 77. 

Methods:  

The construct used for this experiment was CB1-NtG9, which contains the intact CB1 Nt with GFP 

at the C-terminal tail aŌer residue 417. In the analysis, ~7.5 ug of purified receptor in SMA nanodiscs 

were run on an 8% polyacrylamide gel, electro-transferred to PVDF membranes, and Coomassie stained 

(Figure A2). The band represenƟng the lower molecular weight species (~40-45 kDA, arrowheads) was 

excised and submiƩed to the UC Davis proteomics center for Edman sequencing.  

Results and discussion:  

 Edman sequencing returned the sequence SFKENE, which corresponds to residues 88-93 of the 

CB1 N-terminus, suggesƟng it was created by an 87-residue truncaƟon of the N-terminus of CB1. Of 

note, this same region was omiƩed when creaƟng the CB1-GL mutant, to increase solubility and 

expression of the receptor in mammalian expression systems 37,38. Purified CB1-GL was used to generate 

the anƟbodies described in this thesis, and the SFKENE sequence is the beginning of the epitope for the 
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1E10 anƟbody. InteresƟngly, 1E10 staining does not detect this band on western blots. Given that the 

1E10 epitope contains an N-terminal acetyl group (see Chapter 2), it is likely that this proteolyƟc product 

is not N-terminally acetylated. This is reinforced by the technique itself, which is inhibited by N-terminal 

modificaƟon or blocking 77.  

Figure:  

 

Figure A2: Coomassie stained PVDF membrane from SDS-PAGE of CB1-NtG9. Arrowheads indicate bands 

excised for Edman sequencing. Bracket indicates smear consistent with glycosylated full-length CB1.  
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Appendix 3: Live cell confocal microscopy of glycosylaƟon-deficient mutant CB1 

Background:  

 N-linked glycosylaƟon has been previously described, but the role of this glycosylaƟon remains 

unclear 39,40. The role of two potenƟal sites of N-linked glycosylaƟon in the CB1 N-terminus, N77 and 

N83, were tested by Dr. Emily PlaƩ, who created a CB1 mutant with both asparagine residues mutated to 

glutamine to prevent N-linked glycosylaƟon at these sites (N77Q, and N83Q). The parent construct used 

was a previously described syntheƟc human, full-length, minimal cysteine mutant, shCB1-C2 38.  

Results and discussion: 

 Full-length CB1 (shCB1-C2) and glycosylaƟon-deficient CB1 (N77Q/N83Q) were expressed in HEK 

293S GNTI- cells and live cells were stained with an N-terminal polyclonal anƟbody recognizing the first 

77 residues of the CB1 N-terminus followed by incubaƟon with a goat anƟ-rabbit AF594 secondary 

anƟbody (Figure A3A). When applied to intact cells, this anƟbody will only be able to recognize surface 

expressed receptors. In the confocal images, the glycosylaƟon deficient mutants appeared to show less 

labeling than the wild-type receptors, indicaƟng that there was lower expression of the mutant at the 

plasma membrane. The expression of each construct was verified by western blot (Figure A3B). This 

western used 5G3, an intracellularly binding anƟbody characterized and validated in chapter 2. Given the 

total expression of the constructs were similar, the difference in surface staining suggests a connecƟon 

between N-terminal, N-linked glycosylaƟon and surface expression of CB1.  

   

 

 

Figure: 
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Figure A3: Immunofluorescence and western blot of shCB1-C2 or shCB1-C2 N77Q/N83Q in HEK 293 

GNTI-. A) shCB1-C2 or shCB1-C2 N77Q/N83Q were transiently transfected into HEK 293 GNTI- cells. Live 

cells were stained with a rabbit anƟ-CB1 N-terminal (1-77) polyclonal anƟbody. B) Western blot of 

duplicate transfecƟon of shCB1-C2 and shCB1-C2 N77Q/N83Q, visualized with 5G3.  

 

 


