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ABSTRACT 

 The 5-HT3 receptor is a member of the Cys-loop family of ligand-gated ion 

channels (LGICs) and mediates excitatory fast synaptic transmission in the central and 

peripheral nervous system. Despite the clear physiological importance of the 5-HT3 

receptor, only a small number of published studies have directly examined the structure of 

the receptor. The principal objective of this work is to express and affinity-purify the 

mouse 5-HT3A receptor and then begin detailed structural characterization of the receptor. 

A mouse 5-HT3A receptor containing a C-terminal α-bungarotoxin (αBgTx) pharmatope 

tag was constructed and stably transfected into HEK293 cells. To obtain sufficient 

quantities of receptor protein for affinity-purification, αBgTx-5-HT3A receptor-HEK cells 

were cultured in 140 mm tissue culture dishes (~1000 dishes). Typically, cells were treated 

with 100 μM serotonin 24 h prior to harvesting resulting in a ~ 2.5 fold increase in receptor 

expression. αBgTx-5-HT3A receptors were affinity-purified using an αBgTx-derivatized 

affinity column. The lipid-protein interface and the agonist-binding site of purified 5-

HT3ARs were directly examined using photoaffinity labeling with the hydrophobic probe 

([125I]TID) and [3H]5-HT, respectively. The preliminary results of these studies include: 1) 

[125I]TID photoincorporates into the 5-HT3A receptor and the labeling maps to two 

proteolytic fragments, designated V8-17K and V8-8K; 2) N-terminal sequencing of each 

rpHPLC-purified fragment revealed that V8-17 starts at Val195 and based on its apparent 

molecular weight extends through the M1, M2, and M3 transmembrane segments. V8-8K 

starts at Val424 and contains the M4 transmembrane segment; 3) Within the M4 

transmembrane segment, [125I]TID photoincorporated into Ser451, which corresponds (in the 

aligned sequence) to Thr422 in the lipid-exposed face of the Torpedo muscle-type nACh 
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receptor α1M4 segment; 4) [3H]5-HT photoincorporates into the 5-HT3A receptor in a 

specific manner (MDL72222 significantly inhibits the labeling). Collectively, the results 

obtained so far are consistent with each of these two important LGICs displaying a high-

degree of structural homology. Additional studies are in progress to further identify lipid 

exposed segments/residues in the M1 and M3 transmembrane segments as well as to probe 

the structure of the agonist binding site in the 5-HT3A receptor. The results will be 

compared with those previously determined for the Torpedo nAChR in order to provide a 

more detailed structural comparison of these two important LGICs. 
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Assessing the Lipid Requirements of the Torpedo californica Nicotinic Acetylcholine 
Receptor 

Ayman K. Hamouda,  Mitesh Sanghvi,  Daniel Sauls,  Tina K. Machu,  and Michael P. 
Blanton   

Department of Pharmacology and Neuroscience, School of Medicine, Texas Tech 
University Health Sciences Center, Lubbock, Texas 79430, and Department of 
Pharmacology and Neuroscience, University on North Texas  

Biochemistry (2006), 45 (13), 4327 -4337. 

Abstract: 

The lipid requirements of the Torpedo californica nicotinic acetylcholine receptor 

(nAChR) were assessed by reconstituting purified receptors into lipid vesicles of defined 

composition and by using photolabeling with 3-trifluoromethyl-3-(m-

[125I]iodophenyl)diazirine ([125I]TID) to determine functionality. Earlier studies 

demonstrated that nAChRs reconstituted into membranes containing phosphatidylcholine 

(PC), the anionic lipid phosphatidic acid (PA), and cholesterol (CH) are particularly 

effective at stabilizing the nAChR in the resting (closed) state that is capable of undergoing 

agonist-induced conformational transitions (i.e., functionality). The present studies 

demonstrate that (1) there is no obligatory requirement for PC, (2) increasing the CH 

content serves to increase the degree to which nAChRs are stabilized in the resting state, 

and this effect saturates at ~35 mol % (molar lipid percentage), and (3) the effect of 

increasing levels of PA saturates at ~12 mol % and in the absence of PA nAChRs are 

stabilized in the desensitized state (i.e., nonfunctional). Native Torpedo membranes contain 

~35 mol % CH but less than 1 mol % PA, suggesting that other anionic lipids may 

substitute for PA. We report that (1) phosphatidylserine (PS) and phosphatidylinositol (PI), 

anionic lipids that are abundant in native Torpedo membranes, also stabilize the receptor in 
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the resting state although with reduced efficacy (~50-60%) compared to PA, and (2) for 

nAChRs reconstituted into PA/CH membranes at different lipid-protein molar ratios, 

receptor functionality decreases rapidly below ~65 lipids per receptor. Collectively, these 

results are consistent with a functional requirement of a single shell of lipids surrounding 

the nAChR and specific anionic lipid- and sterol (CH)-protein interactions. 
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Identifying the Lipid-Protein Interface of the α4β2 Neuronal Nicotinic Acetylcholine 
Receptor: Hydrophobic Photolabeling Studies with 3-(Trifluoromethyl)-3-(m-
[125I]iodophenyl)diazirine  

Ayman K. Hamouda,  Mitesh Sanghvi,  David C. Chiara,  Jonathan B. Cohen,  and 
Michael P. Blanton   

Department of Pharmacology and Neuroscience, School of Medicine, Texas Tech 
University Health Sciences Center, Lubbock, Texas 79430, and Department of 
Neurobiology, Harvard Medical School, Boston, Massachusetts 02115 

Biochemistry (2007), 46 (48), 13837 -13846.  

Abstract: 

Using an acetylcholine-derivatized affinity column, we have purified human α4β2 

neuronal nicotinic acetylcholine receptors (nAChRs) from a stably transfected HEK293 

cell line. Both the quantity and the quality of the purified receptor are suitable for applying 

biochemical methods to directly study the structure of the α4β2 nAChR. In this first study, 

the lipid-protein interface of purified and lipid-reconstituted α4β2 nAChRs was directly 

examined using photoaffinity labeling with the hydrophobic probe 3-(trifluoromethyl)-3-

(m-[125I]iodophenyl)diazirine ([125I]TID). [125I]TID photoincorporated into both α4 and β2 

subunits, and for each subunit the labeling was initially mapped to fragments containing the 

M4 and M1-M3 transmembrane segments. For both the α4 and β2 subunits, ~60% of the 

total labeling was localized within fragments that contain the M4 segment, which suggests 

that the M4 segment has the greatest exposure to lipid. Within M4 segments, [125I]TID 

labeled homologous amino acids α4-Cys582/β2-Cys445, which are also homologous to the 

[125I]TID-labeled residues α1-Cys418 and β1-Cys447 in the lipid-exposed face of Torpedo 

nAChR α1M4 and β1M4, respectively. Within the α4M1 segment, [125I]TID labeled 

residues Cys226 and Cys231, which correspond to the [125I]TID-labeled residues Cys222 and 
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Phe227 at the lipid-exposed face of the Torpedo α1M1 segment. In β2M1, [125I]TID labeled 

β2-Cys220, which is homologous to α4-Cys226. We conclude from these studies that the 

α4β2 nAChR can be purified from stably transfected HEK293 cells in sufficient quantity 

and purity for structural studies and that the lipid-protein interfaces of the neuronal α4β2 

nAChR and the Torpedo nAChR display a high degree of structural homology.  
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Identifying the Binding Site(s) for Antidepressants on the Torpedo Nicotinic 
Acetylcholine Receptor: [3H]2-Azidoimipramine Photolabeling Studies 
 
Mitesh Sanghvi, ‡ Ayman K. Hamouda, ‡ Michael P. Blanton, ‡ James R. Trudell,║and 
Hugo R. Arias§ 

 

‡Department of Pharmacology and Neuroscience, Texas Tech University Health Sciences 
Center, Lubbock, Texas 79430, USA, §Department of Pharmaceutical Sciences, College 
of Pharmacy, Midwestern University, Glendale, Arizona 85308-3550, USA, and 
║Department of Anesthesia, Stanford University School of Medicine, Stanford, California 
94305-5117, USA. 
 
To be submitted to Biochimica et Biophysica Acta (2008). 

Abstract: 

In addition to their well known actions on monoamine reuptake, tricyclic antidepressants 

(TCAs) have been shown to inhibit both muscle and neuronal-type nicotinic acetylcholine 

receptors (nAChRs) in a noncompetitive manner. We have employed radioligand binding, 

photoaffinity labeling, and molecular modeling to further characterize the TCA binding 

sites in the Torpedo (muscle-type) nAChR. Competition experiments indicate that the 

archetypical noncompetitive antagonist (NCA) phencyclidine (PCP) inhibits 

[3H]imipramine binding to the resting (R) and desensitized (D) nAChRs with Ki values of 

1.2 ± 0.3 and 0.41 ± 0.02 μM, respectively. To directly identify the binding sites for TCAs 

on the nAChR, photoaffinity labeling studies were carried out using [3H]2-

azidoimipramine. In the absence (R) and in the presence of agonist (D), [3H]2-

azidoimipramine incorporates into each nAChR subunit, with approximately 25% of the 

total subunit labeling inhibited by the addition of TCP, an analog of PCP. For the 

desensitized nAChR and within the α subunit, the majority of specific (TCP inhibitable) 

[3H]2-azidoimipramine labeling mapped to a ~20 kDa S. aureus V8 protease fragment 

(αV8-20; Ser173-Glu338). To further map the site of [3H]2-azidoimipramine labeling, the 
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αV8-20 fragment was further digested with endoproteinase Lys-C and resolved by Tricine 

SDS-PAGE. The principal labeled fragment (11 kDa) was further purified by reverse-phase 

HPLC and subjected to N-terminal sequencing. Based on the amino terminus (αMet243) and 

apparent molecular weight, the 11 kDa fragment contains the channel lining M2 segment.  

Finally, molecular modeling and imipramine docking indicates that imipramine interacts 

preferably with the middle portion of the ion channel (M2 segments). Collectively, these 

results are consistent with an imipramine (TCA) binding site within the lumen of the 

Torpedo nAChR ion channel. 
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CHAPTER 1 

5-HYDROXYTRYPTAMINE TYPE-3A RECEPTOR 

1.1.   OVERVIEW 

          To date, seven classes of serotonin (5-hydroxytryptamine; 5-HT) receptors (5-HT1 - 

5-HT7) have been cloned based on pharmacological, transductional, and structural criteria 

(Hoyer et al., 1994). Among all these receptors, the 5-HT3 receptor occupies a special 

place. It is phylogenetically much older than the other serotonin receptors, all of which 

have developed from a single primordial 5-HT receptor and belong to the G-protein 

coupled family of receptors (Gilman et al., 1990). 5-HT3 receptors, originally identified 

as M receptors by Gaddum and Picarelli (1957), are not coupled to G-protein or 

secondary messenger systems, but instead belong to the Cys-loop superfamily of ligand-

gated ion channels (LGICs). This family includes the nicotinic acetylcholine (nACh) 

receptors, glycine receptors and γ-amino butyric acid type A (GABAA) receptors (Ortells 

and Lunt, 1995; Karlin, 2002; Reeves and Lummis, 2002). These receptors are 

responsible for rapid chemical transmission of nerve impulses at synapses, where binding 

of neurotransmitters to their receptor results in the rapid opening of an integral ion-

selective pore (Aidley and Stanfield, 1996). The members of this LGIC family are known 

as Cys-loop receptors because all of them have a conserved 13-amino acid residue 

domain flanked by disulfide-bonded cysteines (Sine & Engel, 2006). The glycine and 

GABAA receptors form chloride (Cl-) channels which act to inhibit neuronal firing 

(Rajendra et al., 1997). The 5-HT3 and nACh receptors are excitatory Na+/K+ and/or Ca++ 

permeant ion channels (Jackson and Yakel, 1995). The 5-HT3 receptor shares significant 
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amino acid sequence identity with the Torpedo Californica nAChR α subunit (27%) and 

the neuronal α7 subunit (30%; Boess and Martin, 1994).  

1.2.   Cloning and Distribution of the 5-HT3 receptor 

          So far, genes for five subunits of the 5-HT3 receptor have been identified (5-HT3A-

E) which show differences in the amino-terminal and the transmembrane region. 

Functional homomeric 5-HT3A receptors and heteromeric 5-HT3A/3B receptors are 

expressed neuronally (Morales et al., 2001), and display a 40-fold difference in the 

single-channel conductance and different Hill coefficients for agonist action, due to 

structural differences at the interfaces between the extracellular domains, in the M2 

domain, and in the cytoplasmic MA region of the subunits (Barrera et al., 2005). The 5-

HT3B subunit does not form functional homomeric receptors, but when combined with 

the 5-HT3A subunit forms a heteromeric receptor that displays reduced Ca2+ permeability, 

altered current-voltage rectification, and slight differences in sensitivity to competitive 

antagonists relative to the sole expression of the functional homomeric 5-HT3A receptor 

(Davies et al., 1999; Dubin et al., 1999).  There also is some compelling evidence that 5-

HT3 receptor subunits may co-express with subunits from other LGICs, such as nACh 

receptor α4 subunit (Sudweeks et al., 2002; Van hooft et al., 1998; [α4 (nACh 

receptor)/5-HT3A], Kriegler et al., 1999). The 5-HT3C receptor subunit mRNA has ~39% 

sequence identity with the 5-HT3A receptor subunit (Reeves and Lummis, 2001) and is 

widely distributed within adult brain, colon, intestine, lung, muscle and stomach. The 5-

HT3C receptor subunit is not able to assemble into pentameric receptors by itself (Boyd et 

al., 2002). The 5-HT3D mRNA is restricted to kidney and colon, whereas 5-HT3E mRNA 

is restricted to the colon, intestine and stomach (Karnovsky et al., 2003). Genes for 5-
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HT3D and 5-HT3E subunits have also been described, but to date these subunits have not 

been characterized with respect to their functional significance (Niesler et al., 2007). 

          5-HT3 receptors are found exclusively associated with neurons of both central 

(Yakel et al., 1988; Waeber et al., 1989) and peripheral (Fozard, 1984) origin and a 

variety of neuronally derived cell lines such as NIE-115, NCB-20, NG-108-15, and N18 

cells (Peters and Lambert, 1989; Yang, 1990; Peters et al., 1990). Distribution of the 5-

HT3 receptor in the CNS has been mapped by studies with various radioligands (5-HT3A 

receptor antagonists) such as [3H]ICS205930, [3H]granisetron, [3H]quipazine, 

[3H]zacopride, [3H]GR65630 (Pratt et al., 1990) and may play a role in a variety of 

functions including emesis, cognition and anxiety. 5-HT3 receptors are located in many 

brain areas including cortex, hippocampus, nucleus accumbens, substantia niagra, and 

ventral tegmental area, with the highest levels in the brain stem, especially areas involved 

in vomiting reflex such as area postrema and nucleus tractus solitarius (Miquel et al., 

2002; Spier et al., 1999). A high density of receptors is also found in areas like the 

nucleus dorsalis nervi vagi, nucleus caudatus, amygdala, hippocampus, entorhinal cortex, 

frontal cortex, cingulate cortex, and dorsal horn ganglia (Kranzler et al., 2003; Tecott et 

al., 1993). In the periphery, 5-HT3 receptors have been identified on pre- and 

postganglionic autonomic neurons and on neurons of the sensory and enteric nervous 

system (myenteric and submucosal plexus). Activation of pre- and postsynaptic 5-HT3 

receptors can modulate the release of a variety of neurotransmitters including dopamine, 

cholecystokinin, GABA, substance P and acetylcholine. Besides the emetic response, 

activation of the 5-HT3 receptor is involved in mediating an inflammatory response and 

may contribute to pain perception, anxiety, cognition, cranial motor neuron activity, 
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modulation of affect and the behavioral consequences of drug abuse (Feldman et al., 

1997; Greenshaw et al., 1997; Bentley et al., 1998). Peripheral receptors play a role in the 

regulation of autonomic functions and sensory transmission. Consistent with their role in 

emesis, 5-HT3 receptors are also involved in transfer of information in the gastrointestinal 

tract, and in the enteric nervous system. They regulate gut motility and peristalsis 

(Galligan et al., 2002). They also play an important role in the urinary tract. Expression 

of hypersensitive and constitutively active 5-HT3 receptors in mice leads to excitotoxic 

neuronal cell death resulting in their early death due to uropathy (Bhattacharya et al., 

2004).   

1.3.   Physiological significance of the 5-HT3 receptor 

1.3.1.   Modulation of transmitter release mediated by the 5-HT3 receptor: 

          A predominant localization on nerve endings is consistent with a physiological role 

of the 5-HT3 receptor in the control of neurotransmitter release. Activation of pre-

synaptic 5-HT3 receptors has been shown to increase transmitter release in the striatum, 

cortex, hippocampus, hypothalamus and raphe nuclei (Blandina et al., 1989; Martin et al., 

1994; Blier & Bouchard, 1993; Blier et al., 1993; Mongeau et al., 1994; Haddjeri & Blier, 

1995). A presynaptic mechanism for the modulation of dopamine release is indicated by 

the results that the activation of 5-HT3 receptors enhances Ca2+-dependent basal release 

of endogenous dopamine in rat striatal slices, and that this effect is partially inhibited by 

tetrodotoxin (TTX; Blandina et al., 1988, 1989). However, this result is not consistent 

with the study of Hooft and Vijverberg, 2000. Along the same lines, Porras et al., 2003 

and De Deurwaerdere et al., 2005 have shown that basal dopamine release remains 
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unchanged by 5-HT3 receptor antagonists in rat striatum and in the rat nucleus 

accumbens. Also, 5-HT3 receptors modulate dopamine release only when both the 

dopamine and 5-HT tones are increased (Hooft and Vijverberg, 2000). Therefore, an 

increase in 5-HT release and an increase in the firing of dopaminergic neurons are 

required for the excitatory effect of 5-HT3 receptors on dopamine release. Using 

electrophysiological and biochemical techniques, Turner et al., (2004) has shown the 

calcium-dependent role of the 5-HT3 receptor in the facilitation of GABA release is in 

agreement with the work of Koyoma and coworkers (Koyama et al., 2000). This GABA 

release was mimicked by the selective 5-HT3 receptor agonist m-cholorophenyl 

biguanide (m-CPBG) and blocked by the selective 5-HT3 receptor antagonist 3-

tropanylindole-3-carboxylate hydrochloride which confirms the effect of 5-HT is 

mediated by 5-HT3 receptors. Cortical and hippocampal 5-HT3 receptors are located on 

cholecystokinin (CCK) containing GABAergic interneurons (Hooft and Vijverberg, 

2000), which raises the possibility that the activation of these receptors results in the 

release of GABA in addition to CCK. The selective 5-HT3 receptor antagonists, 

ondansetron, ICS 205-930, and MDL 72222 caused concentration-dependent inhibition 

of 5-HT-evoked CCK release (Paudice and Raiteri, 1991) and excitation by 1-phenyl 

biguanide (PBG), a 5-HT3 receptor agonist (Hooft and Vijverberg, 2000). Activation of 

presynaptic 5-HT3 receptors also increases electrically-evoked and spontaneous release of 

norepinephrine in hippocampus and neocortex (Mongeau et al., 1994; Allgaier et al., 

1995), and ACh in the intestine (Fox and Morton, 1990).  
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1.3.2   Therapeutic uses of 5-HT3 receptor antagonists:

           Many studies have shown that the 5-HT3 receptor is a potential disease target and 

that 5-HT3 receptor ligands exhibit therapeutic actions. These diseases/conditions include 

drug addiction, pruritis, emesis, fibromyalgia, migraine, rheumatic diseases and 

neurological phenomena such as anxiety, psychosis, nociception and cognitive function 

(Tell et al., 1984; Johnson et al., 2000; Zeitz et al., 2002). Other possible disease targets 

include chronic heart pain and bulimia. As a consequence of the 5-HT3 receptors varied 

tissue-specific distribution, it might be anticipated that the receptor would provide a wide 

scope of novel therapeutic targets. 

          I-  Emesis: Patients consistently report that nausea and vomiting are among the 

most unpleasant and distressing aspects of chemotherapy (Lachaine, 2006). Even one or 

two emetic episodes can cause significant deterioration in the quality of life, and may 

cause patients to delay or refuse curative therapy (Osoba et al., 1997; Hickok et al., 

2003). The highest levels of 5-HT3 receptor binding sites are found within the dorsal 

vagal complex in the brainstem, which are intimately involved in the initiation and 

coordination of the vomiting reflex (Barnes et al., 1999). 5-HT3 receptor antagonists help 

to prevent cytotoxic drug-evoked emesis, which is a common and severe side effect of 

most anticancer chemotherapeutic drug regimens. Ingestion of gastric irritants, such as 

chemotherapeutic agents, induces release of 5-HT from enterochromaffin cells of the 

intestinal mucosa, which activates the enteric 5-HT3 receptors (Scuderi et al., 1993). This 

effect is coincidental with a local release of 5-HT in area postrema, located on the dorsal 

surface of the medulla oblongata, and the actions at both locations trigger the vomiting 

reflex. The therapeutic effects result from inhibition of this vomiting reflex. The 5-HT3 
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receptor antagonists play an important role in emesis, which completely block the 

serotonergic component of chemotherapy-induced nausea and vomiting (CINV). 

Palonosetron (Aloxi) given by intravenous route is the first and only 5-HT3 receptor 

antagonist to be indicated for the prevention of both acute and delayed CINV-caused by 

moderately-emetogenic chemotherapy. Ondansetron (Zofran) and granisetron (Kytril) are 

the other 5-HT3 receptor antagonists available in the US market for treatment of CINV.  

          Despite impressive advances in the field of anesthesia, 25-30% of patients continue 

to experience post-operative nausea and vomiting (PONV) within the first 24 h. PONV 

can result in significant morbidity (e.g. suture dehiscence, esophageal rupture) and may 

also lead to life-threatening aspirations. In addition, it generates considerable costs.   

Many studies have shown the role of 5-HT3 receptor antagonists in the treatment of 

PONV which has been strongly linked to the use of volatile anesthetics (Apfel et al., 

2002). Thus, modulation of the 5-HT3 receptor may contribute to the mechanism of 

action as well as prevention of some of the undesirable side effects of volatile anesthetics. 

A low dose of ondansetron, dolasetron and granisetron is given in the treatment of 

PONV. 

          II-   Irritable bowel syndrome:   Irritable bowel syndrome (IBS) is a common 

chronic gastrointestinal (GI) disorder, but its pathophysiology remains unknown. 

Serotonin is an important neurotransmitter involved in the brain-gut connection. 

Serotonin is released by GI enteroendocrine cells after mucosal stimulation, diffuses to 

the nerve endings and stimulates peristalsis by binding to 5-HT3 receptors located on 

enteric nerves (Jin et al., 1999). Activation of the 5-HT3 receptor stimulates intestinal 

motility, secretion, and sensation. Alosetron (Lotronex), the 5-HT3 receptor antagonist, 
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has been particularly widely used and has been found to decrease colonic transit (Johnson 

et al., 2000), increase fluid absorption and reduce pain (Delvaux et al., 1998). However, 

ischemic colitis is the most common adverse effect which has been shown to be 

associated with the use of alosetron for the treatment of IBS (Friedel et al., 2001). Given 

the known side effects, the use of alosetron should be limited to the patients with IBS 

without constipation who have symptoms severe enough to justify the risk of drug-

induced ischemic colitis and who have had no response to other therapy. Recently, a new 

5-HT3 antagonist, cilansetron, has demonstrated effectiveness in male and female IBS 

pateients with predominant diarrhea and is currently under clinical trials (Chey and Cash, 

2005). 

          III-   Anxiety: Serotonergic neurotransmission in the prefrontal cortex plays a key 

role in regulating emotion and cognition under normal and pathological conditions. 

Preclinical evidence indicate that 5-HT3 receptor antagonists are potent inhibitors of 

anxiety with minimal side effects (Jones and Piper, 1994). The deletion of the 5-HT3 

receptor gene creates a knockout mouse that exhibits anxiolytic behavior (Kelley et al., 

2003; Bhatnagar et al., 2004). In a double-blind clinical study, the 5-HT3 receptor 

antagonist tropisetron was found to be anxiolytic in patients with generalized anxiety 

disorders (Lecrubeir et al., 1993) by reducing GABAergic synaptic transmission (Turner 

et al., 2004). In contrast, classical anxiolytics act as GABA agonists and/or potentiators 

of GABA. Also, stimulation of 5-HT3 receptors may cause the release of cortical and 

limbic CCK (Paudice and Raiteri, 1991). Increased CCK release has been implicated in 

animal models of anxiety (Harro and Vasar, 1991; Pavlasevic et al., 1993), as well as in 

human panic disorders (de Montigny, 1989). However, there have been many conflicting 
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reports regarding the effectiveness of 5-HT3 receptor antagonists in animal models for 

anxiety (Olivier et al., 2000). Investigating the lower doses remains an important area of 

study because animal studies have showed that these compounds generated bell-shaped 

dose-response curves.  

          IV-   Schizophrenia: Schizophrenia is characterized by a broad range of 

dysfunctions including thought disorders, hallucinations, delusions, avolition and 

abnormalities in behavior. Preliminary results in animals suggest a role of 5-HT3 receptor 

antagonists in the treatment of schizophrenia. However, the role of 5-HT3 receptor 

antagonists in the treatment of schizophrenia is not yet clear. Serotonin modulates the 

activity of mesolimbic and nigrostriatal dopaminergic pathways via 5-HT3 receptors and 

5-HT3 receptor antagonists are known to decrease hyperactivity of dopaminergic neurons 

(Faerber et al., 2007). Interestingly, several neuroleptics and antidepressants also have 

been shown to block the 5-HT3 receptor in a non-competitive manner, possibly via 

interaction with the receptor lipid-protein interface (Eisensamer et al., 2003; Rammes et 

al., 2004). Since these effects were observed at tissue concentrations achievable in vivo, 

they might contribute to the clinical effects of those compounds.   

          V-   Drug Abuse:   There is considerable evidence that 5-HT3 receptor antagonists 

can affect drug dependency and withdrawal in animal models (Bentley and Barnes, 

1998). 5-HT3 receptor antagonists influence the ‘reward pathway’. They have been 

shown to attenuate drug-induced (e.g., high dose morphine, cocaine) increase in 

mesolimbic dopamine, locomotor activation, aggression-stimulating effects and self-

administration of drugs like cocaine in rats (Ricci et al., 2004). In contrast, several studies 
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have shown that 5-HT3 antagonists failed to reduce morphine or nicotine craving or 

consumption (Zacny et al., 1993; Higgins et al., 1994; Sell et al., 1995).  

           A large amount of research has been done to confirm the role of 5-HT3 receptor 

antagonists in the treatment of alcoholism. Dopamine release, evoked by ethanol in the 

nucleus accumbens and striatum, is blocked by 5-HT3R antagonists, whereas basal 

release is unaffected (Carboni et al., 1989; Wozniak et al., 1990). Thus, direct activation 

of the 5-HT3 receptor by ethanol may provide a cellular basis for enhanced dopamine 

release. Behaviorally, 5-HT3 receptor antagonists reduce the voluntary uptake of ethanol 

in rats (Fadda et al., 1991; Knapp and Pohorecky, 1992). In humans, 5-HT3 receptor 

antagonists reduce intake of alcohol and also decrease the pleasurable effects of alcohol 

(Johnson et al., 1993, 2000). However, more research needs to be done to establish the 

use of 5-HT3 receptor antagonists in the therapy of drug abuse. 

          VI-   Pain:   Pain results from the activation of sensory nociceptors (sensory pain), 

or as the outcome of damage to peripheral and central nerves (neuropathic pain). 

Peripheral and central 5-HT3 receptors, which play an essential role in spinal pain 

transmission and endogenous pain suppression, are located on primary nociceptive 

afferents in the dorsal horn as well as in the monoaminergic descending inhibitory 

system, in certain brain regions involved in pain modulation and on peripheral nerve 

endings and autonomic afferents. Many clinical studies have confirmed the role of 5-HT3 

receptor antagonists granisetron, ondansetron and tropisetron in reducing the painful 

aspects of fibromyalgia when administered systemically (Weisshaar et al., 2003). 

Ondansetron may also have use in the treatment of pain related with IBS (Prior and Read, 

1990). 5-HT3R antagonists have also shown to be useful in chronic fatigue syndrome, 
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chronic lower back pain, arthritis, migraine etc. (Piche et al., 2005, Stratz and Muller, 

2004; Samborski et al., 2004; Couturier et al., 1991). Investigating unsolved mechanisms 

underlying the above effects is a task for the future. 

          VII-   Cognition:   Cognition describes aspects of behavior such as awareness, 

observation, interpretation and memory. 5-HT3 receptor antagonists reduce 

serotonergically stimulated release of acetylcholine in the cortex and the dorsal 

hippocampus, while basal acetylcholine release remains unchanged. Over-expression of 

the 5-HT3 receptor in mice has been shown to have enhanced learning, memory and 

attention (Harrell et al., 2003). Surprisingly, reduction in the activity of amygdala and 

dorsal and medial prefrontal cortex has been shown to be linked with a polymorphism 

(C178T) in the regulatory region of the 5-HT3A receptor subunit that is associated with 

reduced reaction time at face recognition and increased susceptibility to bipolar disorders. 

Therefore, 5-HT3 receptor antagonists might be used in conjunction with other drugs to 

alleviate complex symptoms associated with memory. 

          Summary: Given the described role of the 5-HT3 receptor in many 

physiological/neurophysiological and pathophysiological conditions, the development of 

new drugs (5-HT3 receptor agonists/antagonists) remains an important goal. A further 

understanding of the structure of the 5-HT3 receptor, in particular the agonist binding 

domain, is a key step in aiding the development of new 5-HT3 receptor therapeutic 

agents. 
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1.4.   Pharmacology of the 5-HT3 receptor 

1.4.1.  Selective 5-HT3 receptor Antagonists: 

          5-HT3 receptor antagonists have been in clinical development for over 20 years, 

and so far six 5-HT3 receptor antagonists are currently available on the market: 

tropisetron, ondansetron, granisetron, dolasetron, palonosetron and alosetron. All these 

are extremely potent compounds that can achieve complete blockade of peripheral and 

central 5-HT3 receptors and are believed to be useful in treating a variety of 

pathophysiological conditions. A wide range of animal studies have shown the species- 

and tissue-specific differences in the binding behavior of the various 5-HT3 receptor 

antagonists, such as the lack of binding of ondansetron to 5-HT3 autoreceptors on 

enterochromaffine cells in contrast to tropisetron (Gebauer et al., 1993). It is not clear 

whether these differences are clinically relevant. McKernan et al. (1990A) have shown 

that ondansetron displaces [3H]ICS 205-930 binding from 5-HT3 receptors in NCB-20 

cells with a Ki of 2.1 nM. Brown et al. (1998) have also shown that currents elicited by an 

EC50 concentration of 5-HT in HEK293 cells expressing the human 5-HT3 receptor are 

blocked by ondansetron with an IC50 of 0.1 nM. 

          MDL7222 was developed as the first potent and selective 5-HT3 receptor 

antagonist, and is structurally related to cocaine (Gyermek, 1995). MDL7222 was shown 

to block 5-HT3 receptor-mediated effects on the rat vagus and rabbit heart, but not the 

guinea pig ileum (Fozard, 1984). In addition, blockade of the 5-HT3 receptor with 

MDL7222 reduces beta-amyloid protein and hydrogen peroxide-induced neurotoxicity in 

cultured rat cortical cells (Lee et al., 2005). 
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          Tropisetron (ICS 205-930) is another 5-HT3 receptor antagonist which is 

commonly used in research. In contrast to other species, Tropisetron is the most potent 

antagonist at the mouse 5-HT3 receptor. Tropisetron displaces the [3H]GR65630 binding 

from mouse and rat 5-HT3 receptors in N1E-115 cells with Kis of 0.27 nM and 3.1 nM 

respectively. At higher concentrations, tropisetron acts as an antagonist at 5-HT4 

receptors. Tropisetron is also shown to be a partial agonist at the α7 nACh receptor. In 

contrast, other high-affinity 5-HT3 receptor antagonists such as ondansetron and LY- 

278,584 have no agonistic activity at the α7 nACh receptor. 

          Dolasetron (dolasetron mesilate) is a pseudopelletierine-derived 5-HT3 receptor 

antagonist that is available for clinical use. It is rapidly converted in vivo to its active 

major metabolite, hydrodolasetron, which appears to be largely responsible for its 

pharmacological activity. 

          Granisetron, alosetron, Zacopride and GR65630 are all selective competitive 5-HT3 

receptor antagonists with low nanomolar affinities and are used for research purposes 

(Abi-Dargham et al., 1993; Lummis et al., 1990).  

1.4.2.   Nonselective 5-HT3 receptor antagonists: 

          A wide range of drugs have been shown to act as 5-HT3 receptor antagonists in 

addition to their primary action. Recently, morphine was shown to suppress 5-HT-

induced peak currents as a function of concentration (IC50 = 1.1 µM), which suggests a 

competitive effect of morphine (Wittmann et al., 2006), and further suggests a role of 

morphine as a competitive antagonist at 5-HT3 receptors in rat nodose ganglia (Fan, 

1995B). Indeed, the 5-HT3 receptor was originally named as M-receptor, mainly because 
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the action of 5-HT at the 5-HT3 receptor was inhibited by morphine (Gaddum and 

Picarelli, 1957). Fan et al., (1995C) have shown that in the presence of 3 μM cocaine, the 

EC50 value of 5-HT at the 5-HT3 receptor was increased from 3.08 μM to 6.1 μM. In the 

same study, it was shown that local anesthetics like tricaine and lidocaine also inhibited 

currents induced by 5-HT at the 5-HT3 receptor. Anandamide (AEA), an endogenous 

agonist of cannabinoid (CB) receptors, has been shown to inhibit 5-HT3A receptor-

mediated responses in rat nodose ganglion (NG) neurons and in cell lines expressing 

mouse and human 5-HT3A subunits (Fan, 1995A; Barann et al., 2002; Oz et al., 2002). 

However, the potency of AEA inhibition was inversely correlated with the expression 

levels of 5-HT3 receptor protein and function expressed in xenopus oocytes and HEK293 

cells (Xiong et al., 2008). Using a combination of electrophysiological and radioligand 

binding studies, it was found that bicuculline, a GABAA receptor antagonist, 

competitively inhibits the 5-HT3A receptor with a slightly lower potency than that at the 

GABAA receptor (Sun and Machu, 2000). Barbiturate anesthetics, such as pentobarbital 

have been shown to inhibit human 5-HT3A receptor-mediated currents at anesthetic 

concentrations (~ 90 μM; Barnn et al., 2000). The D2 receptor antagonist, 

metoclopramide, was shown to act as a potent antagonist of human 5-HT3 receptors at 

clinical plasma concentrations (Walkembach et al., 2005). Several of the antipsychotic 

phenothiazines, such as chlorpromazine, displace binding of the selective 5-HT3 receptor 

antagonist [3H]GR65630 with Kis in the low μM range (Lummis and Baker, 1997). 

Fluoxetine, a selective serotonin reuptake inhibitor (SSRI), inhibits 5-HT3 receptor 

mediated responses in the low μM range and facilitates receptor desensitization (Fan 

1994A, 1994B). More recently, Epibatidine, a nACh receptor agonist, was determined to 
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be a competitive antagonist at 5-HT3 receptors expressed in neuroblastoma and HEK293 

cells. This finding further confirms the significant pharmacological crossover between 5-

HT3 and nACh receptors (Drisdel et al., 2007).           

1.5.   General structure of the 5-HT3 receptor 

          To explore the role of the 5-HT3 receptor as a therapeutic target, a more complete 

understanding of the structure of the receptor is a very important goal. This may aid in 

the development of new drugs for the treatment of various illnesses where the 5-HT3 

receptor is involved. To date, work that has been done to determine the structure of the 5-

HT3 receptor has drawn heavily on findings in the homologous muscle-type nACh 

receptor of the marine elasmobranch Torpedo Californica. The extraordinarily high 

density of nACh receptor protein present in the electric organs of the Torpedo ray has 

greatly facilitated structural studies of the receptor. The result is that the Torpedo nACh 

receptor is the structural model for the Cys-loop receptor superfamily including the 5-

HT3 receptor. Indeed, at the present time only a very limited number of direct structural 

studies (e.g., Rigler et al., 2003) have been published concerning the 5-HT3 receptor. 

Based on the studies with the Torpedo nACh receptor, the proposed consensus structure 

of the 5-HT3A receptor is that it is a pentamer comprised of five 5-HT3A subunits and that 

each subunit has an extended extracellular N-terminus, four transmembrane α-helical 

domains (M1-M4), and a short C-terminal extracellular tail (Figure 1.1; Corringer et al., 

2000; Changeux, 1993).  

           While no member of the Cys-loop receptor superfamily has been crystallized, the 

structure of the Torpedo nACh receptor has been determined at ~4 Å resolution by cryo-
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electron microscopic image reconstruction (Unwin, 2005). Just recently, the X-ray crystal 

structure of a prokaryotic pentameric LGIC from the bacterium Erwinia chrysanthemi 

(ELIC) has been determined at 3.3 Å resolution (Hilf and Dutzler, 2008). In addition, the 

discovery of a water-soluble protein, the acetylcholine-binding protein (AChBP), from 

the snail Lymnaea stagnalis, which is homologous to just the extracellular agonist-

binding domain of the Torpedo nACh receptor, and the subsequent x-ray crystal 

structure, have resulted  in a high-resolution ‘molecular model’ of the agonist-binding 

domain of the Cys-loop receptor family (Brejc et al., 2001). The AChBP binds agonist 

and competitive antagonists of the nACh receptor, including acetylcholine, nicotine, (+)-

tubocurarine and α-bungarotoxin. Structural models of the 5-HT3 receptor (as well as the 

Cys-loop receptor members) have been built by threading the aligned amino acid 

sequence into the structure of the Torpedo and/or AChBP (homology modeling: Reeves 

et al., 2003). Despite the low sequence homology of the α7 and 5-HT3 receptors, the 

ability of chimeric (α7-5-HT3) receptors to function strongly suggests that the different 

members of the LGIC superfamily share a high degree of structural similarity. In one 

interesting α7/5-HT3A chimeric study (Eisele et al., 1993), five different chimeras were 

constructed by joining the N-terminal portion of the α7 nACh receptor subunit and the 

complementary C-terminal domain of the 5-HT3A subunit. Each chimera progressively 

included a larger stretch of the N-terminal region of the 5-HT3A receptor. For example, in 

one chimera, α7 nACh receptor sequence extended from the N-terminus to the 

transmembrane M1 region, with the remaining portion of the chimera containing 5-HT3A 

receptor sequence (P217). Subsequent chimeras included longer N-terminal portions of 

the 5-HT3 receptor (L208, V201, Y194, and W173). Each chimera was then injected into 
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oocytes and electrophysiological studies were performed. Injection in Xenopus oocytes 

revealed that two chimeras (α7-Y194-5-HT3 and α7-V201-5-HT3) out of five expressed 

functional receptors (currents evoked by 1 mM ACh). These results indicate a functional 

coupling between the cholinergic ligand-binding domain of the α7 subunit and the 

channel domain of the 5-HT3 subunit in these chimeras. The wild-type α7 channel is 

highly permeable to Ca2+ ions (Bertrand et al., 1996) and external Ca2+ ions potentiate the 

permeability response to ACh in an allosteric manner. In contrast, the wild-type 5-HT3 

receptor is not permeable to Ca2+ ions, but is still blocked by Ca2+ ions (Maricq et al., 

1991; Peters et al., 1988). However, in the same study they demonstrated that the α7-

V201-5-HT3 chimera expresses a functional receptor which contains the serotonergic 

channel that is still blocked by Ca2+ ions, but the receptor is activated by nicotinic ligands 

and this is potentiated by external Ca2+ ions. 

          There is a growing body of evidence that establishes the structural/functional 

homology of different domains of each LGIC receptor: the agonist-recognition site (e.g. 

Yan et al., 1999; Brejc et al., 2001), the ion channel (e.g., Xu and Akabas, 1996; 

Gunthorpe and Lummis, 2001), and the lipid-protein interface (e.g. Dunn and Thuynsma, 

1994; Bennett and Simmonds, 1996). Based on these findings, the proposed consensus 

structure of the 5-HT3 receptor will be discussed in the following sections. 

1.5.1.   Extracellular Amino-Terminal Domain: 

          The extracellular surface of the nACh receptor (and by homology the 5-HT3 

receptor) projects about 60Å beyond the lipid bilayer as a water-filled cylinder 

approximately 20Å in diameter (Unwin, 2005).  It is thought to be well represented by 
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cryo-electron microscopic images of the nACh receptor, by crystal structures of the 

AChBP (homopentameric soluble protein from the snail Lymnea stagnalis) and based on 

affinity labeling, site-directed mutagenesis and substituted cysteine accessibility methods 

(SCAM). The AChBP shows sequence identities of ~20-25% with the amino-terminal 

extracellular domain of 5-HT3, glycine, GABAA and nACh receptors (Brejc et al., 2001).  

          The AChBP monomer/extracellular domain of the Torpedo nACh receptor starts 

with a three-turn alpha-helix followed by β-strands (β1-β10) and their connecting loops, 

including two short 310 helices. One significant difference found between the AChBP and 

members of the LGIC superfamily is the Cys-loop, which has a conserved length and 

hydrophobic character in the receptor (Cockcroft et al., 1990) but is one residue shorter 

and mostly hydrophilic in the AChBP. 

          Very few studies have focused on a direct characterization of the agonist 

recognition site in the 5-HT3 receptor. However, published studies of chimeric and point 

mutant 5-HT3A receptors have contributed significantly to our understanding of the 5-HT3 

receptor agonist site. Agonist binding sites of the 5-HT3 receptor are located some 20-30 

Å above the membrane at the interface of two adjacent subunits and is formed by the 

convergence of three ‘loops’ (A-C) from the ‘principal’ subunit and three ‘loops’ (D-F) 

from the ‘adjacent’ or ‘complementary’ subunit (Thompson et al., 2005; Reeves et al., 

2001). In contrast, the muscle-type nACh receptor has two agonist binding sites per 

receptor, one at the interface between alpha and gamma subunits and the other at the 

interface of the second alpha subunit and the delta subunit. Homomeric (5-HT3A) 

receptors contain five identical ligand-binding pockets, one on each subunit interface. 

  18



                                                                                                                         Mitesh Sanghvi, August 2008 

The (+) face of the subunit provides the principal component and the (-) face of the 

adjacent subunit provides the complementary component (Corringer et al., 2000). 

          Key residues that contribute to the agonist binding sites of the 5-HT3 receptor have 

been identified by various techniques. Residues Glu129 and Phe130 in loop A region of the 

5-HT3A receptor have been shown to modify binding and function of the receptor. 

Mutation of Phe130 to Asp allows the receptor to be activated by acetylcholine which 

indicates that this may be the most important residue in loop A (Steward et al., 2000). 

Also, mutations of Trp121 and Pro123 have shown that these residues are involved in 

receptor assembly. Natural and unnatural amino acid mutagenesis has shown that residue 

Trp183 in loop B region plays a critical role in ligand binding and function (Spier et al., 

2000). A number of studies have been performed on loop C residues, which differ more 

between species than in any other loop of the 5-HT3 receptor. A study by Price et al. 

(2004) shows that the aromatic residue Tyr234 plays an essential role in ligand binding 

and functional characteristics of the receptor (unnatural amino acid mutagenesis). 

Aromatic residues Trp90 and Trp95 in loop D have been shown to be vital in ligand 

binding and cell surface expression respectively (Thompson et al., 2005; Spier et al., 

2000). Scanning alanine mutagenesis in loop E has revealed that Tyr143, Gly148, Glu149, 

Val150, Gln151, Asp152, Tyr153 and Lys154 may be important for granisetron binding 

(Venkataraman et al., 2002). Machu and colleagues (Zhang et al., 2007) showed that 

residues Val195 and Ile202 in loop F had significantly lower d-tubocurarine (dTC) IC50s 

than that of the human receptor.  This implies a role of loop F in conferring interspecies 

dTC potency differences.  
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1.5.2.   The Transmembrane Segments: 

          The 5-HT3R is by far the least well-studied member of the LGIC family and this is 

particularly evident with respect to the transmembrane domain of the receptor. Four 

hydrophobic transmembrane segments in the 5-HT3 receptor subunit, termed M1, M2, 

M3 and M4 were predicted by hydropathy analysis and by biochemical and molecular 

biological studies (Maricq et al., 1991) and are assumed to be α-helices. In the Torpedo 

nACh receptor, the M2 (α-helix) segment of each subunit is arranged about a central axis 

orthogonal to the membrane forming the wall of the ion-conducting pore (Unwin, 1995), 

and an outer shell of helices (M1, M3 and M4) which coil around each other and shield 

the inner ring (M2) from lipids (lipid-protein interface; Miyazawa et al., 2003; Unwin 

2005). These membrane-spanning segments each have a dimension of 30-35 Å (~40 Å 

including the phospholipid head group portion).  

1.5.2.1.   Ion Conducting Pore: 

          Based on the studies done on the nACh receptor, several key residues in M2 have 

been identified that are believed to control: 1) single channel conductance (Imoto et al., 

1988), 2) the rate-limiting portion of the ion conduction pathway which affects channel 

gating (Labarca et al., 1995), 3) the selectivity amongst monovalent cations (Imoto et al., 

1988), 4) divalent cations (Bertrand et al., 1993). The M2 transmembrane segment of the 

receptor is an α-helix with hydrophilic residues facing the pore of the ion channel (Galzi 

and Changeux, 1995; Cruz et al., 2001). Reeves et al., (2001) used the substituted 

cysteine accessibility method (SCAM) to identify amino acid residues in the channel- 

forming domain of the 5-HT3 receptor and to locate their position in the ion-conduction 
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pathway. Overall, data in this study suggest that M2 is mostly α-helical and that charge-

selectivity occurs at a more cytoplasmic level than Val291. The leucine and valine side 

chains (e.g., α-Leu251 and α-Val255) from the M2 transmembrane portion of subunit α1 

nACh receptor contribute to the hydrophobic surface of the girdle and are suggested to be 

components of the gate (Miyazawa et al., 2003). Many studies indicate that during gating, 

twisting of the M2 helices might disrupt the girdle and, in turn, allow ion flux (Miyazawa 

et al., 2003; Unwin 2005). Mutations in the M2 transmembrane segment of the nACh 

receptor and 5-HT3 receptor have been shown to significantly alter receptor kinetics 

(Revah et al., 1991; Bertrand et al., 1992; Jackson and Yakel, 1995). Several studies 

including for the 5-HT3 receptor, have shown that changing only three amino acids could 

convert a cationic channel to anionic (Galzi et al., 1992; Gunthorpe et al., 2001; Wotring 

et al., 2003). Therefore, charged residues close to M2 are known to be responsible for 

ion-selectivity in the 5-HT3 receptor.  

1.5.2.2.   Lipid-Protein Interface: 

          For several LGIC members, reconstitution studies have demonstrated a role for 

specific lipids in maintaining the functionality of affinity-purified receptors. In other 

words, specific lipid-protein interactions are involved in determining the 

structure/function of the receptor (nACh receptor, Barrantes, 1989; Baenziger et al., 

2000; Hamouda et al., 2006B; GABAA receptor, Dunn and Thuynsma, 1994; Sooksawate 

and Simmonds, 1998). Photolabeling techniques using various hydrophobic photoreactive 

probes have been a successful tool for studying the lipid-protein interface and the 

secondary structure of the transmembrane segments of muscle and neuronal-type nACh 

receptors (Blanton and Cohen, 1994; Hamouda et al., 2007; reviewed in Corringer et al., 
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2000). In addition, Trp-scanning mutagenesis has also been used to define the structure of 

the lipid-protein interface of the muscle-type nACh receptor (αM4, Tamamizu et al., 

2000; αM3 Cruz-Martin et al., 2001; and GABAA receptor αM4, Jenkins et al., 2002). 

Mapping of the lipid-protein interface of the muscle-type and to a lesser extent neuronal-

type (α4β2) nACh receptor using hydrophobic photolabeling probes ([125I]TID, 4'-(3-

trifluoromethyl-3H-diazin-3-yl)-2'-tributyl stannyl benzyl benzoate (TID-BE), 

diazofluorene (DAF), promegestone and azi-cholesterol) have demonstrated labeling of 

the M4, M3 and M1 segments with a pattern of labeling consistent with an α-helical 

secondary structure (Blanton and Cohen 1992 and 1994; Blanton et al., 1998A, 1998B, 

1999, 2001; Hamouda et al., 2007). These results are consistent with the three- 

dimensional structure of the Torpedo nACh receptor obtained by electron microscopy 

(Miyazawa et al. 2003). [125I]TID is incorporated into M1, M3 and M4 segements in a 

nonspecific, agonist-insensitive manner. The pattern of labeling of these transmembrane 

domains by [125I]TID revealed that the M4 domain has the most extensive contact with 

membrane lipid whereas the M1 and M3 domains have more limited surfaces that are in 

contact with lipid (Blanton and Cohen, 1994; Miyazawa et al., 2003). 

1.5.3.   The Large Intracellular Loop: 

          The intracellular domain is principally formed by a loop of ~110 residues between 

M3 and M4. The structure of this domain remains uncertain, but with respect to receptor 

function it has a role in channel conductance and receptor modulation. The difference in 

the ion conductance of the homomeric 5-HT3A receptor and the heteromeric 5-HT3A/3B 

receptor was found to be mainly due to three arginine residues present within the α-
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helical “MA-stretch” of the cytoplasmic region (Kelley et al., 2003). The intracellular 

domain is also known to modulate 5-HT3 receptor function as a result of post-

translational modifications. The large intracellular loop contains multiple consensus sites 

for protein kinase-dependent phosphorylation, and Ser409 of the guinea pig 5-HT3A 

receptor, which is in a consensus site for protein kinase A, is phosphorylated (Lankiewicz 

et al., 2000). The effects of these modifications have a small therapeutic significance and 

are discussed by Thompson et al. (2006). In addition, the intracellular loop interacts with 

several other intracellular proteins/peptides such as Lynx-1 (Miwa et al., 1999).  
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Figure 1.1:  Three dimensional structure of Torpedo nACh receptor based on cryo-
elcetron microscopy. Taken from Unwin, N., “Refined Structure of the Nicotinic 
Acetylcholine Receptor at 4 Å resolution”, Journal of Molecular Biology, March 2005. 
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CHAPTER 2 

HETEROLOGUS EXPRESSION AND AFFINITY-PURIFICATION OF THE 

MOUSE 5-HT3A RECEPTOR 

2.1.  INTRODUCTION 

          In order to aid in the development of more specific and efficacious 5-HT3 receptor 

agonists and antagonists for clinical use, a detailed structural and functional 

characterization of the 5-HT3 receptor protein is an important goal. Membranes 

containing the 5-HT3 receptor in high density are required for structural investigations by 

electron (Stahlberg et al., 2001; Kuhlbrandt and Gouaux, 1999; Unger et al., 1999) or X-

ray diffraction (Ostermeier et al., 1997), scanning probe techniques (Muller et al., 2002), 

and NMR spectroscopy (Riek et al., 2001). A classical example is the electric organ of 

Torpedo marmorata (Cartaud et al., 1973; Dupont et al., 1974). Postsynaptic membrane 

suspensions can be easily isolated from Torpedo electric organ tissue with the nACh 

receptor comprising up to 50% of the total protein. For the Torpedo nACh receptor, high-

quality two-dimensional crystals have been obtained directly from natural membranes 

without protein purification, providing molecular details of the three-dimensional 

structure (Unwin, 2005; Miyazawa et al., 1999). However, 5-HT3A receptors are 

expressed at very low levels in most tissues, making it very difficult to obtain large 

amounts of protein material necessary for protein chemistry techniques to identify sites of 

drug-receptor interaction (Kilpatrick et al., 1987; Barnes et al., 1988; Watling et al., 

1988; Peroutka and Hamik, 1988). The highest concentrations of 5-HT3 receptors found 

so far are in the cortical and hippocampal areas with up to 50 fmol of 5-HT3 receptor per 
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mg of membrane protein (McKernan et al., 1990B). In contrast, native Torpedo 

membranes contain nACh receptors at over four orders of magnitude higher levels (1 

nmol/mg; Blanton et al., 1998). To overcome this problem, a critical step is to establish 

an efficient strategy for the expression and affinity-purification of the 5-HT3A receptor. 

          An appropriate expression system is necessary in order to study the structural and 

functional properties of the 5-HT3 receptor. Much depends upon the extent to which the 

host cell type is able to result in appropriate posttranslational processing, correct 

polypeptide folding and accurate subunit coassembly of a complex multi-subunit 

transmembrane protein such as the nACh receptor and other LGIC family members. 

Mammalian transmembrane proteins are synthesized in the endoplasmic reticulum, which 

contains a large group of proteins responsible for the posttranslational modification 

events. It is not surprising that there has been no evidence of the successful functional 

expression of a mammalian neurotransmitter-gated ion channel in bacteria because they 

lack endoplasmic reticulum. However, bacteria such as Escherichia coli, which lack 

many of the enzymes that are required for the posttranslational modification of eukaryotic 

transmembrane proteins, have been shown to express truncated forms of nicotinic 

receptor α-subunit (lacking transmembrane domains; Barkas et al., 1987). Barnard et al. 

(1982) demonstrated the production of nACh receptor in Xenopus oocytes by the 

injection of mRNA purified from the Torpedo electric organ. Frog oocytes have proven 

to be a popular and convenient host cell for the heterologous expression of the nACh 

receptor and many other ion channels. More recently, Jensen and his colleagues (2006) 

have isolated cDNA from canine brain and expressed homo-oligomeric 5-HT3A receptors 

in Xenopus oocytes in order to compare the overall pharmacological profile of canine and 

  26



                                                                                                                         Mitesh Sanghvi, August 2008 

human 5-HT3A receptors with electrophysiological studies. However, production of large 

amounts (greater then mg amounts) of receptor protein for structural studies is 

impractical with the use of Xenopus oocytes. Expression of these receptors in cell lines 

has the clear advantage that stable as well as transient expression can be achieved and 

larger quantities of proteins can more easily be obtained.  

          With the help of recombinant DNA technology, membrane proteins can be 

expressed in heterologous systems, and some receptors have been expressed at 

reasonably high levels (Lundstrom, 1997). Previous studies have described the 

purification of the 5-HT3A receptor from several cell lines including the mouse 

neuroblastoma cell lines N18 (MacDermot et al., 1979), N1E-115 (Hoyer and Neijt, 

1988; Peters et al., 1988), the mouse neuroblastoma X Chinese hamster embryonic brain 

cell hybrid NCB-20 (Lambert et al., 1989; MacDermot et al., 1979) and mouse 

neuroblastoma X rat glioma hybrid NG108-15 (Yakel and Jackson, 1988). The reason 

these cell lines were chosen over rat brain preparation is mainly due to ~ 20-30 fold 

higher expression levels than found in rat brain (~ 1-2 pmol of 5-HT3 receptor/mg of 

protein; Mckernan et al., 1990A, B; Boess et al., 1992). Unfortunately, in the above-

mentioned cell lines, the receptor is heterogeneously expressed; both long and short 

splice variants of the receptor were detected (Werner et al., 1994). Also, the ratio between 

the two forms was strongly influenced by the cell culture conditions (Emerit et al., 1995). 

However, several authors have demonstrated the successful purification of the 5-HT3 

receptor using different purification strategies.  

          Green et al. (1995) demonstrated the successful purification of the transiently 

expressed 5-HT3 receptor in insect Sf9 cells with the baculovirus system. The receptor 
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was purified using a 5-HT3 receptor antagonist (GR119566) coupled to Affigel-15 (Bio-

Rad). The western blot of the column eluent revealed a single band of ~ 56 KDa. The 

receptor preparation obtained from the affinity column was further purified on a Superose 

6 gel filtration column to remove residual contaminating protein species and any 

aggregated receptor particles. The values for maximal binding were 10.9 ± 1.1 pmol 

receptor/mg protein for Sf9 cell membranes and 4.2 ± 2.3 nmol receptor/mg for the 

purified receptor, which gave an overall 380-fold purification of the receptor. Even 

though this strategy would be ideal to express and purify the 5-HT3 receptor, a new 

purification strategy is needed because GR119566 is no longer commercially available 

and the synthesis is rather complex and expensive. Another interesting study done by 

Hovius et al. (1998) demonstrated the rapid and high-yield purification of hexahistidine-

tagged 5-HT3 receptors stably expressed in baby hamster kidney (BHK) cells. Cells were 

cultured in 1.5-2 L spinner flasks and affinity-purified using immobilized metal ion 

affinity chromatography (Ni-NTA agarose affinity chromatography). When an aliquot of 

affinity-purified 5-HT3A receptors was analyzed by SDS-PAGE, one primary 

glycosylated band was observed with an apparent molecular mass of ~ 65 KDa. 

Treatment with N-glycosidase F (removing carbohydrate moieties) reduces the estimated 

molecular mass of the receptor to ~ 49 KDa. Typical column yields of 0.16 mg of 

purified 5-HT3A receptor were observed. They used the purified material to determine the 

secondary structure of the 5-HT3 receptor by circular dichromism (CD) spectroscopy. 

Therefore, purification of 5-HT3A receptor using Ni-NTA column is a viable strategy for 

conducting structural studies of the receptor. 
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          In the present study, a HEK293 cell line stably transfected with mouse 5-HT3A 

receptors with a C-terminal αBgTx-pharmatope tag (αBgTx-5-HT3A receptor) was 

produced and cultured in large scale using two different approaches: 1) HEK293 cells 

were grown either in 140 mm tissue culture dishes or 2) in a 5 L spinner flask using 

microcarrier glass beads (Cytodex-3). The expression level of the mouse 5-HT3A receptor 

was determined by [3H]BRL-43694 (5-HT3 receptor antagonist) binding. Once sufficient 

quantities of HEK cell membranes (~2-3 g) were obtained, we attempted to affinity-

purify the receptor from detergent-solubilized membranes with a two ligand-affinity 

column using different ligands (e.g. 5-HT, Zacopride/mCPBG) coupled to Affigel-10. 

The reason we chose a ligand-affinity column to affinity-purify the 5-HT3A receptor is 

mainly because of successful purification of the Torpedo nACh receptor with a ligand 

(e.g. ACh) affinity column (Hamouda et al., 2006B). As an alternative, we selected to 

affinity-purify the 5-HT3A receptor with an αBgTx-derivatized cyanogen bromide 

(CNBR)-activated Sepharose 4B affinity column. This was based on the recent study 

done by Sanders and Hawrot (2004), in which they showed that within the Torpedo 

nACh receptor agonist binding site there is a relatively short sequence of amino acids that 

is largely responsible for conferring binding affinity for the snake neurotoxin αBgTx. 

Furthermore, they showed that upon introducing the 11 amino acid “pharmatope” at a 

water-accessible site in a protein, high affinity αBgTx binding can be introduced. 

Because of the high affinity of αBgTx for the pharmatope, Dr. David M. Lovinger 

(NIAAA, NIH, Rockville, MD) and his colleagues synthesized a cDNA construct in 

which a 13 amino acid “pharmatope” (WRYYESSLEPYPD; Harel et al., 2001) that was 

then inserted near the C-terminus of the 5-HT3A subunit (there are five pharmatope sites 
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per receptor). An HEK293 cell line stably transfected with the αBgTx-5-HT3A receptor 

was then produced. The primary reason we selected these affinity purification strategies 

(ligand-affinity column and αBgTx-derivatized affinity column) over Ni-NTA agarose 

affinity column and his-tagged 5-HT3A receptors was the hypothesis that either the ligand 

or the αBgTx pharmatope affinity columns would have a greater affinity and selectivity 

for the 5-HT3 receptor, and therefore a greater degree of purity could be achieved with 

which to initiate structural characterization of the 5-HT3A receptor.   
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2.2.  METHODS 

2.2.1.   Materials:  

          [3H]BRL-43694 (~ 88 Ci/mmol) was obtained from Perkin Elmer Life Sciences, 

Inc. (Boston, MA) and stored in 95% ethanol at 4oC. [3H]5-HT (~ 113 Ci/mmol) and 

[125I] alpha-bungarotoxin (αBgTx; 218 Ci/mmol) were obtained from GE Healthcare 

(Piscataway, NJ) and stored in 95% ethanol and distilled water, respectively at 4˚ C. 

Carbamylcholine chloride and MDL7222 were purchased from Sigma-Aldrich (St. 

Louis, MO); Trypsin (TPCK-treated) from Worthington (Lakewood, NJ); Sodium 

cholate and CHAPS from USB Corporation (Cleveland, OH); Affigel-10 from Bio-

Rad; protease inhibitor cocktail III from Calbiochem (La Jolla,  CA). Prestained low-

range molecular weight standards were purchased from Bio-Rad Laboratories 

(Hercules, CA). Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 50/50 mix 

(DMEM/Ham’s F-12) was purchased from Mediatech, Inc (Herndon, VA). Synthetic 

lipids were from Avanti Polar lipids, Inc. (Alabaster, AL). Nonradioactive αBgTx was 

purchased from Biotium, Inc. (Hayward, CA). 

2.2.2.   Cell Culture: 

HEK293 cells stably transfected with mouse αBgTx-5-HT3A receptors were 

kindly provided by Dr. David M. Lovinger (Laboratory for Integrative Neuroscience, 

National Institute of Alchohol Abuse and Alcoholism, Rockville, MD). Cells were 

grown at 37oC in a humidified incubator at 5% CO2, either in 20 X 140 mm tissue 

culture dishes (Figure 2.1; 100 dishes per week; Nunc, Denmark) or in suspension 

using a 5 L spinner flask with 10-15 g of glass microcarriers (Cytodex-3; Figure 2.2; 
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GE Biosciences) and maintained in a medium consisting of a 1:1 mixture of Dulbecco’s 

modified Eagle’s media (DMEM) plus Ham’s F12 medium, supplemented with 10% 

fetal bovine serum, 100 units/mL antibiotics penicillin G, 100 units/mL streptomycin, 

and 250 μg/mL Geneticin (G418) as a selection agent. Typically, cells were treated 

with 100 μM serotonin 24 h prior to harvesting to enhance receptor expression.  

I- Tissue Culture Dishes: At >80% confluence, growth media was aspirated from tissue 

culture dishes and cells were harvested by gentle scrapping in the presence of 5 mL 

vesicle dialysis buffer (VDB: 100mM NaCl, 0.1mM EDTA, 0.02% NaN3, 10mM 

MOPS, pH 7.5) containing protease inhibitor cocktail III (0.1 μL per mL). Cells were 

collected, pelleted by centrifugation (900 rpm for 4 min using A-462 rotor in an 

Eppendrof 5810 R centrifuge), resuspended in small volume of VDB, recentrifuged, 

buffer aspirated off, and the final cell pellet stored at -80o C.  Based on the receptor 

expression level, approximately 500-1000 dishes were collected over 4-6 weeks. 

II- Spinner Flask: Cells at >80% confluence were first grown in tissue culture dishes in 

order to provide enough starting material for the 5 L spinner flask (~ 10 dishes). First, 

250 mL conditioned media was drained from the dishes and added to the spinner flask. 

Then, cells were collected from the dishes after 5 mL wash with PBS followed by 5 

min incubation with 1X trypsin in PBS (2.5 mL/dish) at 37˚ C. The action of trypsin 

was stopped by addition of 7.5 mL culture medium per dish. Collected cells were 

directly added to the spinner flask following the addition of 500 mL of fresh culture 

media. HEK293 cells are adherent cells and therefore glass microcarriers (Cytodex-3) 

were added to provide increased surface area for attachment and growth. 

Approximately 10 g of microcarriers were added to a siliconized glass bottle containing 
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500 mL of Ca2+, Mg2+-free PBS for 3 h at room temperature with occasional stirring, 

and replaced with fresh Ca2+, Mg2+-free PBS (30-50 mL/g Cytodex-3) followed by 

sterilizing in an autoclave. The supernatant was then discarded and fresh culture media 

was added to the siliconized glass bottle containing Cytodex-3 microcarriers (total 

volume 300-500 mL culture medium/10g of Cytodex-3). Fresh culture media 

containing Cytodex-3 microcarriers was transferred to the 5 L spinner flask containing 

HEK293 cells. To allow attachment of HEK293 cells to the microcarrier beads, the 

spinner flask was stirred overnight at low speed (~ 20-30 rpm) and then at regular speed 

(~ 50-60 rpm). Based on changes in the color of the media and/or density of cells, 1000 

mL of fresh media was added (every 2-3 days) until the full volume of the spinner flask 

was reached (~ 5 L). Typically, 50 mL serotonin (100 μM) was added to the spinner 

flask 24 h prior to harvesting to enhance receptor expression. Cells were harvested by 

allowing the microcarriers to settle. The media was drained from the culture and the 

microcarriers were washed for 5 min in Ca2+, Mg2+-free PBS (50 mL/g microcarrier), 

pelleted by centrifugation at 900 rpm for 4 min, resuspended in a small volume of 

VDB, recentrifuged, buffer aspirated off, and the final cell pellet stored at -80oC. 

2.2.3.   Membrane Preparation:  

           Approximately once every two weeks, thawed HEK293 cell pellets from ~150 

dishes were resuspended in 100 mL VDB in the presence of 100 μl protease inhibitor 

cocktail III (0.1 μL per mL), and homogenized with a hand-held glass potter. The 

membranes were pelleted by centrifugation (18,000 rpm for 1 h at 4oC using a JA-20 

rotor in a Beckman J2-HS centrifuge), then the membrane pellet was resuspended in 35 
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mL VDB with protease inhibitor cocktail III (0.1 μL per mL). The protein concentration 

was determined by Lowry protein assay (Lowry et al., 1951) and stored at -80oC.   

2.2.4.   [3H]BRL-43694/[3H]5-HT Binding Assay:  

           Saturation binding of [3H]BRL-43694 or [3H]5-HT to 5-HT3A receptor HEK-

membranes was measured with a centrifugation assay. Twenty-five micrograms of 

membranes were suspended in VDB (final concentration 0.166 mg/mL) and incubated for 

1.5 h at RT with increasing concentrations of [3H]BRL-43694 (0.8-40 nM) or [3H]5-HT 

(0.6-30 nM). Bound [3H]BRL-43694 or [3H]5-HT was separated from free by 

centrifugation (18,000 rpm for 1 h at 4˚ C with a JA-20 rotor in a Beckman J2-HS 

centrifuge). Bound [3H]BRL-43694 or [3H]5-HT  was determined by suspending the 

pellet in 200 μL of 10 % SDS and along with centrifugal supernatant assayed for 

radioactivity in a Packard 1900 TR liquid scintillation counter. Specific binding was 

defined as the difference between total and nonspecific binding. Nonspecific binding was 

determined in the presence of 50 μM MDL7222. Curve-fitting and parameter-estimation 

were performed with Graphpad Prism 5.0 software (Graphpad Software Inc., San Diego, 

CA). 

2.2.5.   [125I]αBgTx Binding Assay:  

            Saturation binding of [125I]αBgTx to 5-HT3A receptor HEK-membranes was 

measured with a centrifugation assay. Twenty-five micrograms of membranes were 

suspended in VDB (final concentration 0.166 mg/mL) and incubated for 1 h at RT with 

increasing concentrations of [125I]αBgTx (1.6-72 nM). Bound [125I]αBgTx was separated 
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from the free by centrifugation (18,000 rpm for 1 h at 4oC  with a JA-20 rotor in a 

Beckman J2-HS centrifuge). Bound [125I]αBgTx was determined along with centrifugal 

supernatant for radioactivity in a Packard Cobra II gamma counter. Specific binding was 

defined as the difference between total and nonspecific binding. Nonspecific binding was 

determined in the presence of 5 μM αBgTX. Curve-fitting and parameter-estimation 

were performed with Graphpad Prism 5.0 software.  

2.2.6.   Solubilization, Purification and Reconstitution: 

            αBgTx-5-HT3A receptors were affinity-purified with either an αBgTx-derivatized 

CNBR-activated Sepharose 4B (Pharmacia) column or ligand-affinity columns using 

different ligands (e.g. 5-HT, Zacopride, mCPBG) coupled to Affigel-10 (Bio-Rad).  

2.2.6.1.   Ligand Affinity Column: Briefly, the affinity column was prepared by amino- 

coupling of 25 mL of Affigel-10 washed with 500 mL distilled water to 1 g of ligand 

(e.g. 5-HT, Zacopride/mCPBG) in 100 mL of 0.1 M MOPS, pH 7.5 (24 h at 4 ˚C). 

Following addition of ethanolamine (1g) to block any excess amino-reactive sites, the 

affinity matrix was then equilibrated with ~15 column volumes of the lipid/detergent 

mixture (Asolectin, a crude soybean extract; 0.2 mg/mL in 1% CHAPS). Approximately 

2-3 g of HEK-αBgTx-5-HT3A receptor membranes (equivalent to ~1000 dishes; ~2400 

mg total protein; ~72 nmol total receptor) were solubilized by adding an equal volume of 

2% CHAPS (final concentration 2 mg/mL protein; 1% CHAPS), and stirred for 5 h at 

4oC. To remove insoluble material and material that might interfere with column binding, 

the detergent suspension was centrifuged (28,000 rpm for 1 h at 4oC in a Ti-45 rotor in a 

Beckman XL-80 ultracentrifuge) and the supernatant was dialyzed for 5 h at 4oC against 
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1% cholate in VDB (250 mL solubilized material/ 2 L 1% cholate). The dialyzed 

solubilized material was then slowly applied to the affinity column (0.6 mL/min, ~24 h, 

at 4°C),  then the column was washed extensively with the defined lipid solution (e.g., 

Asolectin; 0.2 mg/mL lipid) in 1% cholate in VDB (15 column volumes; >15 h). This 

extensive wash was to ensure complete exchange of endogenous lipids for the defined 

lipid mixture and removal of non-receptor proteins. αBgTx-5-HT3A receptors were then 

eluted from the column using the defined lipid solution (0.2 mg/mL) containing 10 mM 

5-HT (0.212 g 5-HT in 100 mL of defined lipid solution in 1% cholate in VDB). To 

remove detergent and reconstitute the 5-HT3A receptors into membranes containing the 

defined lipid mixture, pooled eluent was dialyzed against 2 L of VDB (4 d with buffer 

change every 24 h). The reconstituted 5HT3A receptors were aliquoted (1 mL per tube) 

and stored at -80oC until used. 

2.2.6.2.   αBgTx-Column: Briefly, the affinity column was prepared by amino-coupling 2 

g of CNBR-activated Sepharose 4B washed with at least 400 mL 1 mM HCL 

(Pharmacia) to 10 mg (1.25 μMoles) of αBgTx, in 40 mL of 0.1 M NaHCO3, 0.5 M 

NaCL, pH 8.3 (15 h at 4oC). Following addition of ethanolamine (1 g) to block any 

excess amino-reactive sites, the affinity matrix was then equilibrated with ~15 column 

volumes of the lipid mixture of choice (Asolectin, a crude soybean extract; 0.2 mg/mL) in 

1% cholate in VDB (0.2 mL/min; >15 h). Approximately 2-3 g of HEK-αBgTx-5-HT3A 

receptor membranes (equivalent to ~1000 dishes; ~2400 mg total protein; ~72 nmol total 

receptor) were solubilized by adding an equal volume of 2% CHAPS (final concentration 

2 mg/mL protein; 1% CHAPS), and stirred for 5 h at 4oC. To remove insoluble material 

and material that might interfere with column binding, the detergent suspension was 
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centrifuged (28,000 rpm for 1 h at 4oC in a Ti-45 rotor in a Beckman XL-80 

ultracentrifuge) and the supernatant was dialyzed for 5 h at 4oC against 1% cholate in 

VDB (250 mL solubilized material/ 2 L 1% cholate). The dialyzed solubilized material 

was then slowly applied to the affinity column (0.6 mL/min, ~24 h, at 4°C),  then the 

column was washed extensively with the defined lipid solution (e.g., Asolectin; 0.2 

mg/mL lipid) in 1% cholate in VDB (15 column volumes; >15 h). This extensive wash 

was to ensure complete exchange of endogenous lipids for the defined lipids mixture and 

removal of non-receptor proteins. αBgTx-5-HT3A receptors were then eluted from the 

column by overnight incubation with 20 mL of the defined lipid solution (0.2 mg/mL) 

containing either 50 μM αBgTx or 0.5 M sodium chloride (NaCl) and collection of the 

column eluent. To remove detergent and reconstitute the 5-HT3A receptors into 

membranes containing the defined lipid mixture, pooled eluent was dialyzed against 2 L 

of VDB (4 d with buffer change every 24 h). The reconstituted 5HT3A receptors were 

aliquoted (1 mL per tube) and stored at -80oC until used. 

2.2.7.   [3H]5-HT Binding Assay of Purified 5-HT3A Receptors:  

           Saturation binding of [3H]5-HT to the 5-HT3A receptor membranes and to affinity-

purified 5-HT3A receptors was measured using a centrifugation assay. Six micrograms of 

affinity-purified 5-HT3A receptors (final concentration 0.04 mg/mL) were suspended in 

VDB and incubated for 1.5 h at RT with increasing concentrations of [3H]5-HT (5-250 

nM for affinity-purified membranes). Bound [3H]5-HT was separated from the free by 

centrifugation (18,000 rpm for 1 h at 4oC  with a JA-20 rotor in a Beckman J2-HS 

centrifuge). Bound [3H]5-HT was determined by suspending the pellet in 200 μL of 10 % 
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SDS and along with centrifugal supernatant assayed for radioactivity in a liquid 

scintillation counter. Specific binding was defined as the difference between total and 

nonspecific binding. Nonspecific binding was determined in the presence of 50 μM 

MDL7222. Curve-fitting and parameter-estimation were performed with Graphpad Prism 

5.0 software. 

2.2.8.   Western Blot Analysis: 

          The SDS-PAGE technique was adapted from the procedure described in Laemmli 

(1970). An aliquot of affinity-purified αBgTx-5-HT3A receptor membranes (~ 0.1 mg) 

were pelleted by centrifugation then resuspended in electrophoresis sample buffer and 

resolved on a 1 mm thick 8% polyacrylamide gel. All gels contained a visual standard, 

Prestained SDS-PAGE Standards High Range (Bio-Rad Laboratories) and the Cruz 

Marker™ MW Standards (Santa Cruz biotechnology, Santa Cruz, CA). Separated 

proteins were transferred to a PVDF membrane (0.45 μm; Millipore, Billerica, MA) at 40 

mA for 3 h; transfer buffer was composed of 48 mM Tris-base, 40 mM glycine and 20% 

methanol. Pierce Gel Code Blue Stain Reagent (Pierce) was used to verify transfer 

efficiency. The PVDF membrane was then incubated in Blotto A (20 mM Tris–HCl (pH 

7.5), 0.05% Tween-20 (TTBS) and 5% Carnation non-fat dry milk [Nestle, Glendale, 

CA]) at room temperature for 1 h to block nonspecific binding. The PVDF membrane 

was incubated overnight at 4 ˚C with 5-HT3A receptor antibody. The primary antibody 

(GTX13897, GeneTex, Inc., San Antonio, TX), specific for the 5-HT3A receptor, was 

diluted in Blotto B (1% bovine serum albumin and 1% nonfat dry milk in TTBS; 1:400 

dilution). To enhance the detection, the PVDF membrane was incubated at room 

temperature for 1 h after an overnight exposure at 4 °C. The membrane was then 
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incubated for 45 min at room temperature with the goat anti-rabbit IgG HRP-conjugated 

secondary antibody (1:1000 dilution; Santa Cruz biotechnology, Santa Cruz, CA). After 

washing, the membrane was treated with chemiluminescent reagent (Western Blotting 

Luminol Reagent, sc-2048, Santa Cruz), and the image was captured on a KODAK 

Image Station 440 CF machine (New Haven, CT). The chemiluminescent bands were 

analyzed with the KODAK 1D Image Analysis Software. 
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Figure 2.1:  HEK293 cells stably transfected with mouse αBgTx-5-HT3A receptor in 20 X 
140 mm tissue culture dishes. HEK293 cells stably transfected with mouse αBgTx-5-
HT3A receptor were grown at 37oC in a humidified incubator at 5 % CO2, in 20 X 140 
mm tissue culture dishes and maintained in a media consisting of a 1:1 mixture of 
Dulbecco’s modified Eagle’s media (DMEM) plus Ham’s F12 media, supplemented with 
10% fetal bovine serum, 100 units/mL antibiotics penicillin G, 100 units/mL 
streptomycin, and 250 μg/mL Geneticin (G418) as a selection agent. Cells were treated 
with 100 μM serotonin 24 h prior to harvesting to enhance receptor expression. At >80% 
confluence, growth media was aspirated from the tissue culture dishes and cells were 
harvested by gentle scraping in 5 mL of VDB containing protease inhibitor cocktail III 
(0.1 μL per mL), pelleted by centrifugation at 900 rpm for 4 min, resuspended in small 
volume of VDB, recentrifuged, buffer aspirated off, and the final cell pellet stored at -80o 
C. 
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Figure 2.2:  HEK293 cells stably transfected with mouse αBgTx-5-HT3A receptor 
grown in 5 L spinner flask with Cytodex-3. HEK293 cells stably transfected with 
mouse αBgTx-5-HT3AR were grown at 37oC in a humidified incubator at 5 % CO2. 
cells were grown in suspension using 5 L spinner flask with 10-15 g microcarriers 
(Cytodex-3) and maintained in a media consisting of a 1:1 mixture of Dulbecco’s 
modified Eagle’s media (DMEM) plus Ham’s F12 media, supplemented with 10% fetal 
bovine serum, 100 units/mL antibiotics penicillin G, 100 units/mL streptomycin, and 
250 μg/mL Geneticin (G418) as a selection agent. Cells were treated with 100 μM 
serotonin 24 h prior to harvesting to enhance receptor expression. Cells were harvested 
at >80% confluence by allowing the microcarriers to settle. The media was drained 
from the culture and the microcarriers were washed for 5 min in Ca2+, Mg2+-free 
phosphate-buffered saline (PBS; 50 mL/g microcarrier), pelleted by centrifugation at 
900 rpm for 4 min, resuspended in small volume of VDB, recentrifuged, buffer 
aspirated off, and the final cell pellet stored at -80oC. 
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2.3.   RESULTS

2.3.1.   Mouse 5-HT3A Receptor Expression Level in HEK293 Cells: 

          Mouse 5-HT3A receptors with a C-terminal αBgTx-pharmatope tag 

(WRYYESSLEPYPD) were stably transfected in HEK293 cells (αBgTx-5-HT3A 

receptors; provided by Dr. David M. Lovinger, NIAAA, NIH, Rockville, MD). αBgTx-5-

HT3A receptors exhibit the same pharmacological and electrophysiological properties as 

wild-type 5-HT3A receptors (data not shown). Cells were cultured in 20 X 140 mm tissue 

culture dishes, harvested in the presence of protease inhibitor cocktail III (0.1 μL per mL, 

Calbiochem) and pelleted by centrifugation (see Methods). Membranes were isolated by 

homogenizing the cells in buffer containing the protease inhibitor cocktail III (0.1 μL per 

mL) with a glass potter and the protein concentration was determined by Lowry protein 

assay. The primary assay used for characterizing the expression level of the 5-HT3A 

receptor was binding of [3H]BRL-43694 (5-HT3A receptor antagonist) to the 5-HT3A 

receptor. Membranes were incubated with increasing concentrations of [3H]BRL-43694 

in the absence or presence of 50 μM non-radioactive MDL7222. The bound and free 

[3H]BRL-43694 were separated by centrifugation and then the 3H radioactivity was 

determined by liquid scintillation counting (see Methods). The specific activity (S.A.) was 

~57 pmol binding sites/mg protein and the [3H]BRL-43694 affinity was (Kd) ~ 1.9 nM 

(Figure 2.3 A & B). The Kd value is consistent with the equilibrium binding affinity for 

[3H]BRL-43694 measured using cell homogenates expressing mouse 5-HT3A receptors 

(Kd = ~ 2 nM; Miller et al., 1992). Because the 5-HT3A receptor subunit contains an 

αBgTx pharmatope, which has high affinity for αBgTx (Harel et al., 2001), [125I]αBgTx 
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binding assay was used to validate the presence of pharmatope tag in the receptor. 

[125I]αBgTx binding was determined in the absence or presence of unlabeled 5 μM 

αBgTx. The bound and free [125I]αBgTx were separated by centrifugation and then the 

125I radioactivity was determined with a Packard cobra II gamma counter (see Methods). 

The expression level observed for saturation binding of [125I]αBgTx  was ~ 57 pmol 

binding sites/mg of receptor protein and the Kd of αBgTx was found to be ~ 11 nM 

(Figure 2.3C and D). Nearly identical levels of binding (~ 58 pmol/mg) were observed 

for both [3H]BRL-43694 and [125I]αBgTx. Given that there is one αBgTx-pharmatope 

per subunit, these results suggest that there is a single [3H]BRL-43694 binding site per 

subunit (five binding sites per homopentameric receptor) and therefore the αBgTx-5-

HT3A receptor expression level is 12 pmol of receptor per mg. 

           In addition to the [3HBRL-43694 binding assay, another assay used for 

characterizing the expression level of the 5-HT3A receptor was the binding of [3H]5-HT 

(5-HT3A receptor agonist). Membranes were incubated with increasing concentrations of 

[3H]5-HT in the absence or presence of 50 μM non-radioactive MDL7222. The bound 

and free [3H]5-HT were separated by centrifugation and then the 3H radioactivity was 

determined by liquid scintillation counting (see Methods). The specific activity (S.A.) was 

~22 pmol binding sites/mg protein and the [3H]5-HT binding affinity was (Kd) ~ 28 nM 

(Figure 2.4 A and B). To the best of my knowledge, this is the first reported study 

examining direct [3H]5-HT binding to the 5-HT3A receptor. However, Ki values based on 

competition binding assays with cell homogenates expressing mouse 5-HT3A receptor are 

consistent with our reported equilibrium binding affinity for [3H]5-HT (Kd = ~ 15-50 nM; 

Green et al., 1995; Tairi et al., 1998; Steward et al., 2000). Based on the comparison of 
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specific activity for [3H]5-HT (~ 22 pmol binding sites/mg; Figure 2.4A and B) and 

[125I]αBgTx (~ 57 pmol/mg; Figure 2.3C and D) binding for αBgTx-5-HT3A receptor 

membranes, we propose that there are two [3H]5-HT binding sites per homopentameric 

receptor. 
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Figure 2.3: Saturation binding isotherm and Scatchard plot of [3H]BRL-43694 (A & B) or 
[125I]αBgTx (C & D) binding to HEK-αBgTx-5-HT3A receptor membranes. HEK-
αBgTx-5-HT3A receptor membranes (25 μg protein) were incubated for 1.5 h at room 
temperature with increasing concentration of [3H]BRL-43694 (final concentrations 0.8-
40 nM) or [125I]αBgTx (final concentrations 1.6-7.2 nM). Bound and free [3H]BRL-
43694 or [125I]αBgTx were separated by centrifugation and then determined by counting 
in a liquid scintillation counter or Packard cobra II gamma counter respectively. 
[3H]BRL-43694 or [125I]αBgTx binding was determined in the absence (total; open 
squares), and presence (non-specific; open circles) of 50 μM non-radioactive MDL 
72222 or 5 μM non-radioactive αBgTx respectively. Specific [3H]BRL-43694  or 
[125I]αBgTx binding (filled squares) was determined by subtracting nonspecific counts 
from total counts. For [3H]BRL-43694 binding, the values of the specific activity (S.A.) 
and the apparent affinity (Kd) were 57 pmol/mg and 1.93 nM respectively as determined 
from the Scatchard plot of the specific binding (B). For [125I]αBgTx binding, the values 
of the specific activity (S.A.) and the apparent affinity (Kd) were 57.9 pmol/mg and 11 
nM respectively as determined from the Scatchard plot of the specific binding (D). 
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Figure 2.4: Saturation binding isotherm and Scatchard plot of [3H]5-HT binding to HEK-
αBgTx-5-HT3A receptor membranes. HEK-αBgTx-5-HT3A receptor membranes (25 μg 
protein) were incubated for 1.5 h at room temperature with increasing concentration of 
[3H]5-HT (final concentrations 0.6-30 nM). Bound and free [3H]5-HT were separated by 
centrifugation and then determined by counting in a liquid scintillation counter. [3H]5-HT 
binding was determined in the absence (total; open squares), and presence (non-specific; 
open circles) of 50 μM non-radioactive MDL7222. Specific [3H]5-HT binding (filled 
squares) was determined by subtracting nonspecific counts from total counts. For [3H]5-
HT binding, the values of the specific activity (S.A.) and the apparent affinity (Kd) were 
22.3 pmol/mg and 28 nM, respectively as determined from the Scatchard plot of the 
specific binding (B).  
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2.3.2.   Serotonin Upregulation of 5-HT3A Receptors in HEK293 Cells:  

          To test whether serotonin upregulates 5-HT3A receptor expression in HEK293 cells, 

serotonin (100 μM) was added to cells 24 h prior to harvesting. The expression level for 

αBgTx-5-HT3A receptors in membranes isolated from cell culture without (control) or 

with 100 μM serotonin treatment was determined by comparison of [3H]BRL-43694 

equilibrium binding assays. HEK-αBgTx-5-HT3A receptor membranes were incubated 

with increasing concentrations of [3H]BRL-43694 in the absence or presence of 50 μM 

non-radioactive MDL7222. The bound and free [3H]BRL-43694 were separated by 

centrifugation and then the 3H radioactivity was determined by liquid scintillation 

counting (see Methods). Typical expression levels of ~50.4 pmol per mg of protein 

(control; Figure 2.5A and B) and ~148 pmol per mg of protein (chronic serotonin 

exposure; Figure 2.5C and D) of [3H]BRL-43694 binding sites per mg of total protein 

were observed. Comparison of the specific activity (S.A.) of [3H]BRL-43694 binding for 

HEK-αBgTx-5-HT3AR membranes with/without treatment with 100 μM serotonin 

establish that there is ~ 3-fold increase in the total number of [3H]BRL-43694 binding 

sites (upregulation). Receptor expression increased from ~10-30 pmol/mg (5 sites per 

receptor). For the production of large amounts of 5-HT3A receptor, approximately 1000 

dishes (with serotonin treatment) were collected over 4-6 weeks based on the expression 

level and amount of membranes isolated (1000 dishes = ~ 2400 mg of total protein = ~72 

nmol receptor). We estimate that approximately 20 mg of αBgTx-5-HT3A receptor 

protein is available for affinity-purification. 
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Figure 2.5:  [3H]BRL-43694 saturation binding isotherms and scatchard analysis of  
HEK-αBgTx-5-HT3A receptor membranes isolated from cell cultures without or with 100 
μM serotonin 24 h prior to harvesting. Membranes (final concentration 0.166 mg/mL) 
isolated without (A & B) or with (C & D) serotonin were incubated for 1.5 h at room 
temperature with increasing concentrations of [3H]BRL-43694 (final concentration 0.8-
40 nM). Bound and free [3H]BRL-43694 were separated by centrifugation and then 
determined by counting in a liquid scintillation counter. [3H]BRL-43694 binding was 
determined in the absence (total; open squares), and presence (non-specific; open circles) 
of 50 μM non-radioactive MDL7222. Specific [3H]BRL-43694 binding (filled squares) 
was determined by subtracting nonspecific counts from total counts. For HEK-αBgTx-5-
HT3A receptor membrane, treated in absence of serotonin (B), the specific activity (S.A.) 
and the apparent affinity (Kd) were 50.4 pmol/mg and 3.2 nM, respectively. For HEK-
αBgTx-5-HT3A receptor membrane, treated in presence of serotonin (D), S.A. and Kd 
values were 148 pmol/mg and 12.5 nM, respectively. Upregulation results in an 
approximately 3-fold increase in the total number of [3H]BRL-43694 binding sites. 
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2.3.3.   Affinity-Purification of the 5-HT3A Receptor: 

          To determine optimal conditions for receptor solubilization and purification, 

several published studies tested different detergents for their effects on the ability of the 

receptor to bind 5-HT3 receptor radioligand (Hovius et al., 1998; Lummis and Martin, 

1992). Similar studies were performed in Dr. Blanton’s lab (Minghua Liu, MS, Thesis, 

1997) where they reported that C12E9 was the best detergent for retaining high binding 

affinity. For the present study, 1% CHAPS or 1% cholate was chosen because each can 

be removed by dialysis follwing purification, allowing reconstitution of the receptor into 

a lipid bilayer. We established that the [3H]BRL-43694 binding affinity following 

detergent-solubilization in 1% cholate or 1% CHAPS and dialysis was identical to that 

measured with HEK-αBgTx-5-HT3A receptor membranes (data not shown). 

2.3.3.1.   Ligand Affinity Column: Mouse αBgTx-5-HT3A receptors were affinity-

purified with ligand (e.g. 5-HT, Zacopride/m-CPBG) coupled to Affigel-10 (Bio-Rad). 

For each column purification, HEK-αBgTx-5-HT3A membranes from ~1000 culture 

dishes (20 X 140 mm) were collected and solubilized in 1% CHAPS in VDB. The 

solubilized material was dialyzed for 5 h against 1% cholate and then slowly applied to 

the affinity column. The column was extensively washed with buffer containing 1% 

cholate and lipid (e.g., Asolectin) and the receptor eluted with the same solution 

containing 10 mM 5-HT. The eluent was then dialyzed for 4 d against 2 L of VDB with 

buffer change every 24 h to remove detergent and reconstitute the 5-HT3A receptor into 

membranes containing the defined lipid mixture. After dialysis, purity of the ligand-
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eluted (5-HT) αBgTx-5-HT3A receptors was confirmed by SDS-PAGE and/or Western 

blot analysis.  

          An aliquot (~ 50 μg) of affinity-purified αBgTx-5-HT3A receptor membrane was 

resolved on a 1 mm thick 8% polyacrylamide gel and separated proteins were transferred 

to a PVDF membrane at 40 mV for 3 h. The PVDF membrane was incubated in Blotto A 

at room temperature for 1 h to block the nonspecific binding followed by overnight 

incubation at 4˚ C with IgG rabbit primary 5-HT3 receptor antibody. IgG rabbit 5-HT3 

receptor antibody is a polyclonal antibody that specifically targets the 5-HT3 receptor. 

The primary antibody mainly cross reacts with amino acids at position 21-36 and 421-

436 of the 5-HT3 receptor. The PVDF membrane was then incubated with the appropriate 

HRP-conjugated secondary antibody, washed with distilled water and treated with 

chemiluminescent reagent. The bands were analyzed with the KODAK 1D Image 

Analysis Software. As shown in figure 2.6, no bands were detected from the column 

eluent collected from ligand-affinity columns (lane 1, column eluent from 5-HT affinity 

column; lane 2, column eluent from Zacopride/m-CPBG affinity column). A single band 

was observed in lane 3 loaded with flow-through material collected from the 5-HT 

affinity column after loading solubilized material.  These results establish that the 5-HT3A 

receptor did not bind to the any of the ligand-affinity columns. 

2.3.3.2.   αBgTx-derivatized Affinity Column: Mouse αBgTx-5-HT3A receptors were 

affinity-purified using an αBgTx-derivatized CNBR-activated Sepharose 4B column 

(αBgTx-derivatized affinity column; see Methods). For each column purification, HEK-

αBgTx-5-HT3A membranes from ~1000 culture dishes (20 X 140) were collected and 
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solubilized in 1% CHAPS in VDB. The solubilized material was dialyzed for 5 h against 

1% cholate then slowly applied to the affinity column. The column was extensively 

washed with buffer containing 1% cholate and lipid (e.g. Asolectin) and the receptor 

eluted with the same solution containing 50 μM αBgTx or 0.5 M NaCl. The eluent was 

then dialyzed for 4 d against 2 L of VDB with buffer change every 24 h to remove 

detergent and reconstitute the 5-HT3A receptor into membranes containing the defined 

lipid mixture. After dialysis, the purity of the αBgTx-eluted αBgTx-5-HT3A receptors 

was confirmed by SDS-PAGE, Western blot analysis, by [3H]BRL-43694 binding assay 

and by [125I]TID labeling and subsequent amino acid sequencing of labeled peptides (see 

below). Typical αBgTx-column yields of ~2-3 mg of semi-purified 5-HT3A receptor 

protein were observed. 

          When an aliquot (~ 50 μg) of affinity-purified αBgTx-5-HT3A receptor membranes 

was resolved on a 1 mm thick 8% polyacrylamide gel, multiple Coomassie Blue-stained 

bands were visible (Figure 2.7). A prominent band was observed migrating with an 

apparent molecular mass of ~ 65 KDa, which corresponds to the expected elctrophoretic 

mobility of the 5-HT3A subunit (Hovius et al., 1998). We further confirmed the identity of 

the 5-HT3A receptor band by Western blot analysis (Figure 2.9A) and by protein 

sequencing (which is discussed in detail in Chapter 3). The presence of nonspecific bands 

might have resulted from two possible situations: a) the presence of protein impurities in 

the αBgTx used for elution; b) nonspecific binding to the Sepharose 4B beads that is 

dependent upon the amount of beads used to prepare the αBgTx-derivatized affinity 

column (see Methods). We tested the first possibility by comparing the elution of the 

Torpedo nACh receptor by either carbamylcholine (carb) or αBgTx (see Methods) using 
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the same αBgTx-derivatized affinity column. An aliquot of affinity-purified Torpedo 

nACh receptor eluted by carb or αBgTx was resolved on a SDS-PAGE gel. Figure 2.8 

shows that there was no difference between the receptor eluted with carb or αBgTx and 

the absence of any additional bands other than nACh receptor subunits present in the 

αBgTx-eluted material. Therefore, this result eliminates the possible presence of 

contaminating protein in the αBgTx. The second possibility was tested using 50% less 

Sepharose beads (2 g) to prepare the affinity column followed by the same purification 

procedure. An aliquot of purified receptor was resolved by Western blot analysis or on a 

SDS-PAGE gel (Figure 2.9A and B). It showed significant improvement in the purity of 

the receptor, indicating that a further reduction in the amount of Sepharose beads may 

lead to greater purity of the 5-HT3A receptor. On the basis of densitometric scans of the 

Coomassie Blue-stained gel, we estimated that this αBgTx-5-HT3A receptor preparation 

(Figure 2.9B) was approximately 27% pure. 

           Affinity-purified mouse αBgTx-5-HT3A receptor membranes were incubated for 

1.5 h at room temperature with increasing concentrations of [3H]5-HT (final 

concentrations 5-250 nM) in the absence (total) and presence (nonspecific) of 50 μM 

non-radioactive MDL-72222. Bound and free [3H]5-HT were separated by centrifugation 

and the amount of 3H was determined by counting in a liquid scintillation counting 

(Figure 2.10). Specific [3H]5-HT binding was determined by subtracting nonspecific 

counts from total counts. The specific activity (S.A.) of αBgTx-5-HT3A receptor was 0.4 

nmol receptor/mg protein (Figure 2.10A and B), which is consistent with the 27% level 

of purity estimated by densitometric analysis of a stained SDS-PAGE gel. Comparison of 
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[3H]5-HT binding values with those for HEK-αBgTx-5-HT3A membranes (S.A. - 22 

pmol/mg; Figure 2.4A and B) indicates that there are ~20 times more receptor per 

milligram of total protein in the dialyzed αBgTx-eluted material than in the crude HEK-

αBgTx-5-HT3A membrane (i.e., ~ 20-fold purification). 
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Figure 2.6:  Western blot analysis of affinity-purified αBgTx-5-HT3A receptors using 
ligand-affinity columns. An aliquot of affinity-purified αBgTx-5-HT3A receptor 
membranes (~0.1 mg) was pelleted by centrifugation then resuspended in electrophoresis 
sample buffer and resolved on a 1 mm thick 8% polyacrylamide gel followed by 
transferring onto a PVDF membrane. Anti5-HT3A receptor antiserum (1:1000 dilution) 
was used in the primary incubation, and biotinylated anti-rabbit IgG was used in the 
secondary incubation. Horseradish peroxidase was added as the tertiary label. Samples 
loaded were as follows: lane 1, eluent from 5-HT affinity column; lane 2, eluent from 
Zacopride/mCPBG affinity column; lane 3, flow-through from 5-HT affinity column 
after loading solubilized material. The apparent molecular weights are shown on the left. 
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Figure 2.7:  SDS-PAGE gel analysis of affinity-purified αBgTx-5-HT3A receptor 
membranes using αBgTx-derivatized column. An aliquot of affinity-purified αBgTx-5-
HT3A receptor membranes (~0.1 mg) was pelleted by centrifugation, then resuspended in 
electrophoresis sample buffer and resolved on a 1 mm thick 8% polyacrylamide gel. 
Polypeptide bands were visualized by staining with Coomassie Blue R-250. The 
electrophoretic mobility of the αBgTx-5-HT3A receptor subunit is indicated on the right 
and the apparent molecular weight on the left. 
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Figure 2.8:  SDS-PAGE analysis of affinity-purified Torpedo nACh receptor membranes 
using αBgTx-derivatized affinity column. Aliquots of affinity-purified Torpedo nACh 
receptor membranes (~0.1 mg; eluted either by carb or αBgTx) were pelleted by 
centrifugation, then resuspended in electrophoresis sample buffer and resolved on a 1 mm 
thick 8% polyacrylamide gel. Polypeptide bands were visualized by staining with 
Coomassie Blue R-250. The electrophoretic mobility of the Torpedo nACh receptor 
subunits are indicated on the left. lane 1, eluent from αBgTx-derivatized affinity column 
using carb; lane 2, eluent from αBgTx-derivatized affinity column using αBgTx.     
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Figure 2.9:  Western blot (A) and SDS-PAGE (B) gel analysis of affinity-purified 
αBgTx-5-HT3A receptors using αBgTx-derivatized column. An aliquot of affinity-
purified αBgTx-5-HT3A receptor (~0.1 mg) was pelleted by centrifugation then 
resuspended in electrophoresis sample buffer and resolved on a 1 mm thick 8% 
polyacrylamide gel. For Western blot analysis (A), polyacrylamide gel was transferred 
onto a PVDF membrane. Anti5-HT3A receptor antiserum (1:1000 dilution) was used in 
the primary incubation, and goat anti-rabbit IgG HRP-conjugated secondary antibody 
was used in the secondary incubation. For SDS-PAGE (B), Polypeptide bands were 
visualized by staining with Coomassie Blue R-250. The electrophoretic mobility of the 
αBgTx-5-HT3A receptor subunit is indicated on the left and the apparent molecular 
weight on the right (A). On the basis of densitometric analysis of the Commassie-Blue 
stained gel (B), the αBgTx-5-HT3AR preparation was greater than 27% pure. 
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Figure 2.10:  Saturation binding isotherm (A) and Scatchard plot (B) of [3H]5-HT binding 
to affinity-purified αBgTx-5-HT3A receptor membranes. Affinity-purified αBgTx-5-
HT3A receptor membranes (0.054 mg protein; final concentration 0.018 mg/mL) were 
incubated for 1.5 h at room temperature with increasing concentrations of [3H]5-HT 
(final concentration 5-250 nM). Bound and free [3H]5-HT were separated by 
centrifugation and then determined by counting in a liquid scintillation counter. [3H]5-HT 
binding was determined in the absence (total; open squares), and presence (non-specific; 
open circles) of 200 μM non-radioactive MDL7222. Specific [3H]5-HT binding (filled 
squares) was determined by subtracting nonspecific counts from total counts. 
Approximately 0.4 nmol/mg specific activity (S.A.) was determined from the Scatchard 
plot of the specific binding (B). 
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2.4.   DISCUSSION 

2.4.1.   Expression of 5-HT3A Receptor in HEK293 Cells: 

          In the absence of a natural rich source of 5-HT3A receptor protein, one alternative is 

a cell line that stably expresses 5-HT3A receptors. The reasons why stably-transfected 

HEK293 cells were chosen as an expression system for the 5-HT3A receptor are their high 

transfection efficiency, ease of culturing, and good adhesion to plastic or glass surface. 

An additional factor was the ease with which cells can be examined pharmacologically 

and functionally (e.g. electrophysiological studies; Hope et al., 1996) while allowing the 

same cells to be used as starting material for receptor purification. Several other groups 

have used the HEK293 cell line as an expression system to study structural and functional 

aspects of the 5-HT3A receptor including ion selectivity (Gunthorpe and Lummis, 2001), 

role of phosphorylation (Lankiwicz et al., 2000), mutagenesis and molecular modelling 

(Thompson et al., 2006), characterization of ligand binding (Schreiter et al., 2003) and 

the effects of alcohol (Lovinger and Zhou, 1994; Hayrapetyan et al., 2005). In addition, 

the post-translational modifications and protein folding in a mammalian cell line are 

similar to those in the human brain and therefore the receptor is likely to exhibit the same 

structural and functional properties as the native receptor. In addition to the primary 

method of growing cells in tissue culture dishes, αBgTx-5-HT3A receptor expressing cells 

were grown in suspension using a 5 L spinner flask. This will enable us to scale up the 

production by ~ 10-fold with the use of microcarrier glass beads (Cytodex-3), which 

increases the surface area for cell attachment. However, a number of parameters need to 

be adjusted to use this as a primary technique for culturing the αBgTx-5-HT3A receptor 

HEK293 cells. We are also exploring an additional strategy in collaboration with Dr. Ina 
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L. Urbatsch (Department of Cell biology and Biochemistry, Lubbock, TX) to express a 5-

HT3A receptor clone in Pichia pastoris and large-scale production using a fermentor 

(future studies).  

          The 5-HT3A receptor expressed in HEK293 cells has been characterized by 

[3H]BRL-43694 binding. Similar dissociation constants were observed for αBgTx-5-

HT3A receptor membranes and wild-type 5-HT3A receptors indicating that the αBgTx tag 

does not affect ligand binding. Comparison of the specific activity for [3H]BRL-43694 

(Figure 2.3 A and B) or [3H]5-HT (Figure 2.4A and B) binding with [125I]αBgTx (Figure 

2.3C and D) binding for αBgTx-5-HT3A receptor membranes leads us to propose the 

presence of one [3H]BRL-43694 binding site per 5-HT3A subunit (5 binding sites per 

homopentameric receptor) or two [3H]5-HT binding sites per homopentameric receptor. 

2.4.2.   Serotonin Upregulation of 5-HT3A Receptors in HEK293 Cells: 

          Several studies have demonstrated that chronic exposure of nicotine to neuronal 

nACh receptors can significantly upregulate the amount of cell-surface receptors (e.g. 

α4β2 receptor) expressed in cultured cell lines via a post-translational mechanism (Wang 

et al., 1998). Chronic exposure to nicotine increases the number of nACh receptors in 

rodent and human brains in vivo (Breese et al., 1997; Perry et al., 1999) and also in 

mammalian cell lines that express native or heterologous nACh receptos (Avila et al., 

2003; Meyer et al., 2001). Recently, Xiao and Kellar et al. (2004) measured the effect of 

a 5-day exposure to nicotine or the quaternary amine agonist carbachol on the number of 

nACh receptor binding sites for each of six nACh receptor subtypes (α2β2, α2β4, α3β2, 

α3β4, α4β2 and α4b4). The expression level of all six nACh receptor subtypes was 
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shown to be increased upon exposure to nicotine or carbachol. Therefore, the high 

density of the receptors in these cells may provide enough material for structural and 

biochemical studies of the each receptor subtype. Based on these findings, for the first 

time, we tested whether treating cells with 100 μM serotonin 24 h prior to harvesting 

would lead to any changes in expression level. We found that treating cells with serotonin 

(100 μM) leads to an approximately 3-fold increase in the expression level of 5-HT3A 

receptor in HEK293 cells (Upregulation; Figure 2.4B & D). However, it remains to be 

determined whether the mechanism of upregulation is the same as for nicotine 

upregulation of nACh receptors (Xiao and Kellar et al., 2004).  

2.4.3.   Affinity-Purification of the 5-HT3A Receptors: 

          To conduct direct structural studies of the 5-HT3 receptor, purification of the 

αBgTx-5-HT3A receptor is a critical step. In the present study, we explored two possible 

affinity-purification strategies: 1) affinity-purification of the 5-HT3A receptor using ligand 

(e.g. 5-HT, Zacopride, mCPBG) affinity columns; 2) affinity-purification of αBgTx-5-

HT3A receptor using an αBgTx-derivatized CNBR-activated Sepharose 4B column. 

2.4.3.1.   Ligand Affinity Column: As mentioned previously, because of the high 

sequence homology between nACh and 5-HT3A receptors, our first approach was to 

affinity-purify the receptor with ligand (e.g. 5-HT, Zacopride, mCPBG) affinity columns. 

The result was that no 5-HT3 receptor was retained on any of the ligand-affinity columns 

(Figure 2.6). This would appear to rule out the use of a ligand-affinity column as a 

possible strategy for affinity-purification of the 5-HT3A receptor. One possible 

explanation is that the orientation of the ligand coupled to Affigel-10 is incompatible 
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with binding to the 5-HT3 receptor agonist binding domain. In the future, we plan to test 

additional 5-HT3 receptor ligands with the hope that ligand-coupling and 5-HT3 receptor 

binding may be retained.  

2.4.3.2.   αBgTx-derivatized Affinity Column: We successfully used an αBgTx-

derivatized CNBR-activated Sepharose 4B affinity column to purify the αBgTx-5-HT3A 

receptor (Figure 2.9 A and B). However, because of the presence of contaminating 

proteins (27% purity), we plan to explore additional means by which to increase the level 

of purity. We found that reduction in the amount of Sepharose 4B beads led to an 

increase in receptor purity. Therefore, we plan to further decrease the amount of 

Sepharose 4B beads used (e.g., ~ 1 g) for preparing the αBgTx-derivatized affinity 

column. In addition, an alternative strategy is to produce a HEK293 cell line stably 

transfected with mouse 5-HT3A receptors that contain both a C-terminal octahistidine tag 

and an αBgTx pharmatope tag. This will be done in collaboration with Dr. David M. 

Lovinger (NIH, NIAAA, Rockville, MD). Thus, both an αBgTx-derivatized affinity 

column and a Ni-NTA agarose affinity column (Hovius et al., 1998) will be used to 

purify the 5-HT3A receptor. This two-step purification approach likely will enhance the 

purity of the 5-HT3A receptor.                     
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CHAPTER 3 

IDENTIFYING THE LIPID-PROTEIN INTERFACE OF THE  

5-HT3A RECEPTOR USING [125I]TID PHOTOLABELING STUDIES 

3.1.   INTRODUCTION 

          As discussed in a previous section, the 5-HT3 receptor belongs to the Cys-loop 

ligand-gated ion channel superfamily (LGICs) which includes muscle- and neuronal-type 

nACh receptors, GABAA receptors, and glycine receptors. To date, work that has been 

done to determine the structure of the 5-HT3 receptor has drawn heavily on findings in 

the homologous muscle-type nACh receptor of the marine elasmobranch Torpedo 

californica. The extraordinarily high density of nACh receptor protein present in the 

electric organs of the Torpedo ray has greatly facilitated structural studies of the receptor. 

In addition, a high-resolution structure of a prokaryotic LGIC has been determined (Hilf 

and Dutzler, 2008). The result is that the Torpedo nACh receptor and the prokaryotic 

LGIC are structural models for the Cys-loop receptor superfamily including the 5-HT3 

receptor. Based on the studies with the Torpedo nACh receptor, the 5-HT3A receptor is 

believed to be a pentamer comprised of five 5-HT3A subunits and that each subunit 

contains an extracellular N-terminal domain, four transmembrane segment (M1-M4), and 

a short C-terminal extracellular tail (Figure 1.1; Corringer et al., 2000; Unwin, 2005). In 

the Torpedo nACh receptor, the M2 segment of each subunit is arranged about a central 

axis to the membrane forming the wall of the ion-conducting pore (Unwin, 1995) and 

outer shell of helices (M1, M3 and M4 transmembrane segments) form the lipid-protein 

interface of the receptor. 
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3.1.1.   nACh Receptor Lipid Requirements: 

          Reconstitution studies with several LGIC members and in particular the Torpedo 

nACh receptor have established the role of specific lipids in maintaining the functionality 

of affinity-purified receptors. That is specific lipid-protein interactions are involved in 

determining the structure/function of the receptor (Barrantes, 1989; Addona et al., 1998; 

Baenziger et al., 2000). Studies done in the McNamee lab (e.g., Sunshine and McNamee, 

1994) have concluded that nACh receptors reconstituted into lipid vesicles comprised 

only of phosphatidylcholine (PC) are not functional. However, the addition of both 

cholesterol (CH) and anionic lipids such as phosphatidic acid (PA) to PC membranes 

restores the ability to conduct ions and undergo agonist-induced state transitions 

(reviewed in Baenziger et al., 2000). Studies done in other labs have shown that nACh 

receptors reconstituted in PC/PA (McCarthy and Moore, 1992; Rankin et al., 1997) or 

PC/CH alone (Baenziger et al., 2000) are able to stabilize different proportions of nACh 

receptors in the resting state but the inclusion of both lipids is required for a fully 

functional receptor (daCosta et al., 2002, 2004). More recently, we studied the lipid 

requirements of the Torpedo californica nACh receptor by reconstituting purified 

receptors into lipid vesicles of defined compositions and by using 3-trifluoromethyl-3-

(m-[125I]iodophenyl)diazirine ([125I]TID) photolabeling to determine functionality. The 

bulk of this work was published in Biochemistry (Hamouda et al., 2006B). Briefly, the 

results of this study indicate that: I) PC, the most abundant phospholipid present in native 

Torpedo membranes, is not required for receptor function; II) CH is not an absolute 

requirement for nACh receptor function but the presence of CH (~ 35 mol%), in a level 

comparable to that found in native Torpedo membranes, is necessary to attain a fully 
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functional receptor; III) The presence of anionic phospholipids is definitely required for 

nACh receptor function, but the level of PA to fully support receptor function is much 

greater than the level of PA found in native membranes; IV) Other anionic phospholipids 

such as phosphatidylserine (PS) and phosphatidylinositol (PI) are able to substitute for 

phosphatidic acid in supporting nACh receptor function but with reduced efficacy (~ 50-

60%) compared to PA. Also, we have shown that nACh receptor functionality is fully 

maintained by a single shell of lipids surrounding the receptor protein and receptor 

functionality decreases rapidly below ~65 lipids per receptor. Collectively, these results 

are consistent with a role of specific lipids in the functional requirements of the receptor. 

3.2.2.   Structure of the nACh Receptor Lipid-Protein Interface: 

          Photolabeling techniques using various hydrophobic photoreactive probes have 

been a successful tool to study the lipid-protein interface and the secondary structure of 

the transmembrane segments of the muscle-type nACh receptor. Mapping of the lipid-

protein interface of the muscle-type nACh receptor with hydrophobic photolabeling 

probes ([125I]TID; Figure 3.1), 4'-(3-trifluoromethyl-3H-diazirin-3-yl)-2'-tributyl 

stannylbenzyl benzoate (TID-BE), diazofluorene (DAF) and promegestone (White and 

Cohen, 1988, 1992; White et al., 1991; Blanton and Cohen, 1992 and 1994; Blanton et 

al., 1998A, 1998B, 1999, and 2001) demonstrated labeling of the M4, M3 and M1 

segments with a pattern of labeling consistent with an α-helical secondary structure. 

Previous studies have also shown that there are two components of [125I]TID labeling of 

the nACh receptor: 1) a specific component that is inhibitable by nonradioactive TID, by 

agonists, and by some noncompetitive antagonists, and 2) a nonspecific component that is 

largely insensitive to the addition of agonists or nonradioactive TID (White and Cohen, 
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1988; White, 1991; White et al., 1991). Besides agonist-sensitive photoincorporation 

within the pore-lining M2 segments (specific component), [125I]TID labels amino acids 

within the transmembrane segments M1, M3, and M4 of the Torpedo nACh receptor 

(White and Cohen, 1988; White et al., 1991; Blanton and Cohen, 1992, 1994). Labeling 

within M1, M3, and M4 was insensitive to the addition of ligands that bind to the agonist 

binding site (e.g., carbamylcholine), to the lumen of the channel (e.g., TMB-8) or to the 

addition of excess non-radioactive TID, results that are consistent with labeling of the 

lipid-protein interface (nonspecific component; Blanton and Cohen, 1992 and 1994). 

Within the Torpedo α1M4 segment, [125I]TID labeled five amino acid residues: Cys412, 

Met415, Cys418, Thr422 and Val425. [125I]TID also labeled Cys222, Leu223, Phe227 and Leu228 

within the α1M1 segment and both Phe284 and Ser287 within the α1M3 segment (Blanton 

and Cohen, 1992, 1994). These results are consistent with the three-dimensional structure 

of the nACh receptor obtained by electron microscopy (Unwin, 2005). 

          The lipid-protein interface has been shown to be a potential target for many 

different drugs. Blanton et al. (1999) demonstrated that steroids like [3H]promegestone 

label amino acid residues present in the M4 hydrophobic segments, which are shown to 

be at the lipid-protein interface. In the same study, there was no photoincorporation of 

[3H]promegestone  in any of the channel-lining M2 segments, which strongly suggests 

that inhibition of nACh receptors by progestin steroids results from direct interactions at 

the lipid-protein interface. In another study, Garbus et al. (2002) proposed that Thr422 in 

the nACh receptor α1-M4 transmembrane domain is a possible site of interaction with 

hydrocortisone. Collectively, these studies demonstrate the importance of the lipid-
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protein interface to the structure/function of the LGIC members including the 5-HT3 

receptor, and as a target for drug-receptor interactions. 

          A recent study done in Dr. Michael P. Blanton’s lab (Hamouda et al., 2006A) 

focused on the structure of the nACh receptor lipid-protein interface. nACh receptors 

were labeled with a photoreactive analog of cholesterol ([3H]Azicholesterol) to identify 

domains in the Torpedo californica nACh receptor that interact with cholesterol. 

[3H]Azicholesterol partitions into nACh receptor-enriched membranes very efficiently 

(>98%). There was no effect on either the pattern or the extent of labeling in the presence 

of Carbamylcholine, which is consistent with the photoincorporation of the 

[3H]Azicholesterol at the nACh receptor lipid-protein interface. These studies 

demonstrated that [3H]Azicholesterol  interacts and photolabels amino acid residues in 

the M4 transmembrane segment  and to a lesser extent within the M1 and M3 

transmembrane segments of the Torpedo nACh receptor and therefore the cholesterol 

binding domain fully overlaps the lipid-protein interface of the nACh receptor. 

          Several other studies have shown that amino-acid substitutions of lipid-exposed 

residues affect channel gating. Ortiz-Miranda et al. (1997) demonstrated that alterations 

in amino acids exposed at the lipid-protein interface of the nACh receptor α and β 

subunit M4 transmembrane segments can significantly alter channel gating. Along the 

same lines, Wang et al. (1999) have shown the role of the nACh receptor M3 

transmembrane segment in the channel-gating mechanism. Furthermore, Dang et al. 

(2000) demonstrated the role of a conserved proline residue in the first transmembrane 

domain (M1) of every subunit in the ligand-gated ion channel superfamily, including 5-

HT3A receptor, in channel gating. They showed that replacing the proline residue with 
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alanine, glycine, or leucine in 5-HT3A receptors expressed in Xenopus oocytes resulted in 

the absence of 5-HT-mediated whole-cell currents, although there were normal levels of 

specific [3H]BRL-43694 binding sites on the plasma membrane surface. 

          In the present study, we used the hydrophobic photoreactive probe [125I]TID to 

study the structure of the lipid-protein interface of the 5-HT3A receptor and to identify 

amino acid residues that are in contact with membrane lipid. To date, no study has been 

done to assess the lipid requirements of the 5-HT3A receptor or to determine the structure 

of the lipid-protein interface. Most of the information concerning the 5-HT3 receptor is 

based on its homology with Torpedo nACh receptor subunits. Therefore, this study 

establishes a base of knowledge concerning the structure of the lipid-protein interface of 

the 5-HT3A receptor.  
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Figure 3.1:   Chemical structure of [125I]TID. 
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3.2.   METHODS 

3.2.1.   Materials:  

3-trifluoromethyl-3-(m-[125I]iodophenyl) diazirine ([125I]TID; ∼10 Ci/mmol) 

was obtained from GE Biosciences (Piscataway, NJ) and stored in ethanol: water (3:1) 

at -4°C. Staphylococcus aureus glutamyl endopeptidase (V8 protease) was purchased 

from MP Biochemicals (Solon, OH); Trypsin (TPCK-treated) from Worthington 

(Lakewood, NJ); Trifluoroacetic acid (TFA) from Pierce chemicals (Rockford, IL); and 

Genapol C-100 from Calbiochem (La Jolla, CA). Reverse-phase HPLC columns 

(Brownlee Aquapore C4 column, 100 X 2.1 mm, BU-300) were purchased from Perkin 

Elmer Life Sciences Inc. (Boston, MA). Centriprep-10 concentrators were purchased 

from Amicon Inc. (Beverly, MA). 

3.2.2.   [125I]TID Photolabeling:  

For analytical labelings, 100 μg of affinity-purified αBgTx-5-HT3A receptor 

membranes were incubated for 1 h at room temperature in the absence or presence of 

100 μM 5-HT under reduced light conditions with ~ 0.4 µM [125I]TID ( ∼10 Ci/mmol; 

Figure 3.1). For preparative labelings, 1.95 mg of affinity-purified αBgTx-5-HT3ARs 

were incubated with 700 μCi [125I]TID under the same conditions. The samples were 

irradiated with a 365 nm hand-held UV lamp for 15 min. at a distance of less than 1 cm 

and pelleted by centrifugation (18,000 rpm for 1 h at 4oC with a JA-20 rotor in a 

Beckman J2-HS centrifuge). Pellets were resuspended in electrophoresis sample buffer 

and the polypeptides were resolved on a 1.0 or 1.5 mm thick 8% polyacrylamide gel 

(SDS-PAGE; Laemmli 1970; Hamouda et. al., 2006A). 
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3.2.3.   SDS- Polyacrylamide Gel Electrophoresis and Cleveland Mapping: 

SDS-PAGE was performed according to Laemmli (Laemmli 1970) with the 1.0 

or 1.5 mm thick separating gel comprised of 8% polyacrylamide/0.33 bisacrylamide. 

Gels were stained for 1 h with Coomassie Blue R-250 (0.25% (w/v) in 45% methanol, 

10% acetic acid, 45% H2O), and destained (25% methanol, 10% acetic acid, 65% H2O) 

to visualize bands. Gels were then dried and exposed to Kodak X-OMAT LS film with 

an intensifying screen at -80°C (12-48 h exposure). After obtaining a good 

autoradiograph, the band that corresponds to the [125I]TID-labeled 5-HT3A receptor 

subunit was excised from each condition (−/+ 5-HT), soaked in overlay buffer (5% 

sucrose, 125 mM Tris-HCl, 0.1% SDS, pH 6.8) for 30 min and transferred to the wells 

of a 15% acrylamide mapping gel (Cleveland 1977). Each gel slice was overlaid with 

10 μg (analytical labeling) or 200 μg (preparative labeling) of S. aureus V8 protease in 

overlay buffer. After electrophoresis, the gels were stained for 1 h with Coomassie Blue 

R-250, destained, and either prepared for autoradiography (analytical labeling) or 

soaked in distilled water overnight (preparative labeling). The bands for labeled V8 

protease proteolytic fragments ([125I]TID-labeled fragments; V8-8K and V8-17K) were 

excised from the preparative gels and the labeled peptides were retrieved by passive 

diffusion into 25 mL of elution buffer (0.1M NH4HCO3, 0.1% (w/v) SDS, 1% β-

mercaptoethanol, pH 7.8) for 4 d at room temperature with gentle mixing. Gel pieces 

were removed by filtration (Whatman No. 1 paper) and the peptides were concentrated 

using Centriprep-10 concentrators (10 KDa cutoff). Excess SDS was removed by 

acetone precipitation (>85% acetone at -20°C overnight) and either subjected to further 
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proteolytic digestion ([125I]TID-labeled fragments; V8-8K and V8-17K)  or directly 

purified using reverse-phase HPLC ([125I]TID-labeled fragments; V8-8K and V8-17K). 

3.2.4.   Proteolytic Digestions:  

For digestion with trypsin, acetone-precipitated V8 protease subunit fragments 

([125I]TID-labeled fragments; V8-8K and V8-17K) were suspended in a mixture of 60 

μL 0.1M NH4HCO3, 0.1% SDS, pH 7.8, 225 μL 0.1M NH4HCO3, and 35 μL Genapol 

C-100 (final concentrations: 0.02% (w/v) SDS, 0.5% Genapol C-100, pH 7.8). Trypsin 

was added at a 200% (w/w) enzyme to substrate ratio and the digestion allowed to 

proceed for 4-5 d at room temperature. 

3.2.6.   HPLC Purification:  

All the [125I]TID peptides were purified by reverse-phase HPLC prior to 

sequence analysis. HPLC was performed on a Shimadzu LC-10A binary HPLC system 

with a Brownlee Aquapore C4 column (100 x 2.1mm). Solvent A consisted of 0.08% 

TFA in water and Solvent B consisted of 0.05% TFA in 60% acetonitrile/ 40% 2-

propanol.  A nonlinear elution gradient at 0.2 mL/min was employed (25% to 100% 

Solvent B in 100 min) and fractions were collected every 2.5 min (42 fractions/run). 

The elution of peptides was monitored by the absorbance at 210 nm and the amount of 

125I associated with each fraction was determined by γ-counting (5 min./fraction) in a 

Packard Cobra II γ-counter. 

3.2.7.   Sequence Analysis 

Amino-terminal sequence analysis was performed on a Beckman Instruments 
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(Porton) 20/20 automated protein sequencer with gas phase cycles (Texas Tech 

Biotechnology Core Facility). Pooled HPLC fractions were dried by vacuum 

centrifugation, resuspended in a small volume (20 μL) of 0.1% SDS and immobilized 

on chemically-modified glass fiber disks (Beckman Instruments). Peptides were 

subjected to at least 10 sequencing cycles.  

Alternatively, labeled peptides were radiosequenced on an Applied Biosystems 

(ABI) Model 492 protein sequencer with gas phase cycles.  The pooled HPLC fractions 

were diluted with two volumes of 0.1% TFA in distilled water (to reduce organic 

concentration) and loaded onto PVDF disks with AB Prosorb sample preparation 

cartridges (AB # 401959).  Approximately one-sixth of the released PTH-amino acids 

were separated by an on-line Model 120A PTH-amino acid analyzer, and the remaining 

five-sixths were collected for Packard Cobra II γ- counting. Yield of PTH-derivatives 

was calculated from peak height compared with standards with the model 610A Data 

Analysis Program, version 2.1A. Initial and repetitive yields were calculated by 

nonlinear least-squares regression to the equation M = I0Rn, where M is the observed 

release, Io is the initial yield, R is the repetitive yield, and n is the cycle number. 
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3.3   RESULTS 

3.3.1.   Mapping the Lipid-Protein Interface of the 5-HT3A Receptor: 

         The hydrophobic photoreactive probe [125I]TID (Figure 3.1) was employed to map 

the lipid-exposed domains and to determine amino acid residues in the 5-HT3A subunit 

that are in contact with membrane lipid. [125I]TID is a small hydrophobic photoreactive 

compound that partitions efficiently (> 95%) into the lipid bilayer. Upon exposure to 

UV light (365 nm), [125I]TID is activated and covalently tags protein regions that are 

exposed to the lipid bilayer (Blanton and Cohen, 1994).  

          Purified 5-HT3A receptors were equilibrated for 1 h with [125I]TID in the absence 

or presence of 100 μM 5-HT, irradiated at 365 nm for 15 min, and then the 

polypeptides were resolved by SDS-PAGE. After electrophoresis, the gel was stained, 

destained, dried, and exposed to X-ray film with an intensifying screen over night. As 

shown in Figure 3.2, [125I]TID photoincorporated into multiple bands including the 5-

HT3A subunit in the absence (− lane) or presence (+ lane) of 100 μM 5-HT. From both 

conditions (−/+ 5-HT), the 5-HT3A subunit band was excised from the dried gel and the 

amount of [125I]TID photoincorporated into the subunit was determined by γ-counting 

(5 min. counting time; data not shown). Addition of agonist (Figure 3.2; + lane) had no 

significant effect on the extent of [125I]TID photoincorporation into the 5-HT3A subunit 

(see Discussion). 
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3.3.2.   Mapping the Site(s) of [125I]TID Photoincorporation in the 5-HT3A Subunit: 

          To further map the subunit fragments and the amino acids that are labeled with 

[125I]TID, the labeled band for the 5-HT3A subunit was excised from the stained 8% gel 

and subjected to “in-gel-digestion” (Cleveland gel) with S. aureus V8 protease as 

described in the methods. Following electrophoresis, the Cleveland gel was stained, 

destained, dried and exposed to X-ray film with an intensifying screen (~ 2 week 

exposure). [125I]TID photoincorporation was detected in two V8 proteolytic fragments 

with apparent molecular masses of 8 KDa and 17 KDa (Figure 3.3). These fragments 

were named according to the protease used and their apparent molecular masses (8 and 

17 KDa): V8-8K and V8-17K. From both conditions (−/+ 5-HT), the above 2 fragments 

were excised and the amount of [125I]TID photoincorporated into each fragment was 

determined by γ-counting (5 min counting time; data not shown). Addition of agonist 

had no significant effect on the extent of [125I]TID labeling for either of these V8 

proteolytic fragments (Figure 3.3, + lane). Approximately 60% of the total labeling was 

localized in V8-8K fragment and 40% into V8-17K. 

          For initial identification, the labeled bands were excised from the mapping gel 

and the peptides were eluted individually into 25 mL elution buffer for 5 d at room 

temperature with gentle mixing. The eluted peptides were then concentrated using 

Centriprep-10 concentrators (10 KDa cutoff; final volume < 150 μl) and purified by 

reverse-phase HPLC (Figure 3.4; V8-17K and V8-8K). The amount of 125I associated 

with each HPLC fraction was determined by γ-counting (5 min/fraction) with a Packard 

Cobra II counter. Peak 125I HPLC fractions were pooled, dried by vacuum 
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centrifugation, resuspended in a small volume (20 μL of 0.1% SDS) and subjected to 

automated N-terminal amino acid sequencing (10 cycles). The amino acid sequence for 

V8-17K begins at Val195 of the 5-HT3A subunit. Based on the molecular weight (17 

KDa) of the fragment (Figure 3.5) and the likely cleavage site of V8 protease, V8-17K 

ends at Glu339 and includes the amino acid sequences for the M1 (Pro223-Pro249), M2 

(Val255-Asp274), and M3 (Tyr288-His311) transmembrane segments. V8-8K starts with 

Val424 and continues to the C-terminus of the subunit (Ser464) and contains the M4 

transmembrane segment (Lys438-Lys457). 
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Figure 3.2:   Photoincorporation of [125I]TID into the 5-HT3A receptor subunit. An aliquot 
of affinity-purified 5-HT3A receptor membranes (0.1mg) was equilibrated for 1 h with 
[125I]TID (0.4 μM; 10 μCi) in the absence (− lane) and in the presence (+ lane) of 100 
μM 5-HT, then irradiated at 365 nm for 15 min. The protein was pelleted by 
centrifugation, resuspended in electrophoresis sample buffer and fractionated by 1 mm 
8% SDS-PAGE. Following electrophoresis, polypeptide bands were visualized by 
staining with Coomassie blue R-250, destained, dried and exposed to X-ray film with 
intensifying screen overnight. Shown is a corresponding autoradiograph of an 8 % gel 
containing [125I]TID-labeled 5-HT3A receptor subunit. The electrophoretic mobility of 5-
HT3A receptor subunit is indicated on the left.  
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Figure 3.3:   Proteolytic mapping of the [125I]TID-labeled 5-HT3A receptor subunit. The  
[125I]TID-labeled 5-HT3A receptor subunit band was isolated from each condition of the 
8% SDS-PAGE gel (Figure 3.2) and transferred to the well of a 15% acrylamide mapping 
gel and subjected to in-the-gel (cleveland gel) digestion with S. aureus V8 protease. 
Following electrophoresis, the mapping gel was stained, destained, dried and exposed to 
X-ray film with an intensifying screen (5 d exposure). Shown is the corresponding 
autoradiograph of a 15% acrylamide maping gel showing the photoincorporation of 
[125I]TID into two proteolytic fragments 8 KDa (V8-8K), 17 KDa (V8-17K).     
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Figure 3.4:   Reverse-phase HPLC purification of the [125I]TID-labeled fragments V8-
17K (A) and V8-8K (B). The labeled fragments V8-8K and V8-17K were eluted from the 
stained mapping gel and purified by reverse-phase HPLC on a Brownlee Aquapore C4 
column (100 x 2.1 mm) with a nonlinear elution gradient (25% to 100% solvent B; 
solvent A was 0.08% TFA in water and solvent B was 0.05 % TFA in a mixture of 
acetonitrile and propanol 3:2). 500 μL fractions were collected (every 2.5 min at 0.2 
ml/min). The elution of peptides was monitored by absorbance at 210 nm (solid line) and 
elution of 125I (closed circles) by counting in a Packard Cobra II γ-counter. HPLC 
fractions 35-38 and 35-37 for V8-17K and V8-8K, respectively, were pooled for amino 
acid sequence analysis. 
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Figure 3.5:   Correspondence between [125I]TID-labeled V8 protease fragments V8-8K 
and V8-17K and the amino acid sequence of the 5-HT3A receptor subunit. The V8 
protease cleavage site (glutamic acid residue) is indicated by an arrow and the first ten 
amino acids of each labeled fragment are highlighted in blue and red for V8-17K and V8-
8K respectively. The amino acid sequences for V8-17K begins at Val195 and based on its 
molecular weight extends through the M1, M2, and M3 transmembrane segments. V8-8K 
starts with Val424 that contains the M4 transmembrane segment. The schematic at the top 
shows a linear (not to scale) representation of the 5-HT3A receptor subunit and the span of 
each labeled V8 fragment (based on the N-terminal amino acid sequencing, the apparent 
molecular mass of the fragment and the most likely cleavage site available for the V8 
protease).       

    

 

 

 

 

 

 

 

 

  80



                                                                                                                         Mitesh Sanghvi, August 2008 

3.3.3.   [125I]TID Labeling in the 5-HT3A-M4 Transmembrane Segment: 

          From a [125I]TID preparative labeling (1.95 mg affinity-purified 5-HT3A receptor; 

700 μCi [125I]TID), the labeled fragment V8-8K (Figure 3.3) was recovered from the 

stained mapping gel.  After concentration of the gel-eluted material with a Centriprep-10 

concentrator, excess SDS was removed by acetone precipitation (>85% acetone at 20˚ C 

overnight). The peptide was resuspended in 60 μL of NH4HCO3 buffer containing 0.02% 

SDS and 0.5% Genapol C-100, digested with trypsin (200% w/w) for 4 d at room 

temperature and the tryptic digestion products were purified by reverse-phase HPLC as 

described in the Methods. Primary peak 125I HPLC fractions (Figure 3.6A) were pooled, 

diluted with 0.1% TFA, loaded onto a PVDF disk and subjected to radiosequencing (30 

cycles). The radiosequencing data for the V8-8K fragment is shown in Figure 3.6B. In 

addition to the amino acid sequence, the 125I radioactive release associated with each 

cycle was determined by γ-counting. Two amino acid sequences were detected: one 

beginning at Val431 and the other at Val424. Both the fragments include the M4 

transmembrane segment. The largest radioactive release was in cycle 21 (2.6 cpm/pmol) 

but there was release in cycle 28 (2.1 cpm/pmol) as well. Based on the overlapping nature 

of the Val431 and Val424 sequences, we conclude that Ser451 is the primary site of [125I]TID 

photoincorporation. This conclusion is supported by the nearly identical efficiency of 

[125I]TID incorporation in each cycle (2.6 vs 2.1 cpm/pmol). 

          Results from V8-8K fragments establish that Ser451 is located in the lipid-exposed 

face of the 5-HT3A-M4 transmembrane segment and therefore forms a part of the lipid-

protein interface of the 5-HT3A receptor. Moreover, 5-HT3A-Ser451 corresponds exactly 

(in the aligned sequence; Figure 3.7) with α1-Thr422 in the lipid-exposed face of the 
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Torpedo α1-M4 transmembrane segment (Blanton and Cohen, 1992, 1994). These results 

suggest that 5-HT3A-M4 and Torpedo α1-M4 share a homologous lipid-exposed face. 
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Figure 3.6:   Reverse-phase HPLC purification and radiosequence analysis of the tryptic 
digest of V8-8K. A, The V8 protease fragment V8-8K was eluted from a 15% acrylamide 
mapping gel, digested for 5 days with trypsin and tryptic digest products were purified by 
reverse-phase HPLC on a Brownlee Aquapore C4 column (100 x 2.1 mm) as described in 
the Methods. The elution of peptides was monitored by absorbance at 210 nm (solid line) 
and elution of 125I (closed circles) by counting in a Packard Cobra II γ-counter. Peak 125I 
HPLC fractions 33-37 were pooled for amino acid sequence analysis. B, 
Radiosequencing of tryptic digest of V8-8K. Peak 125I containing HPLC fractions of a 
tryptic digest of V8-8K (33-37) were pooled, diluted with 0.1% TFA and loaded onto 
PVDF disks for radiosequencing. Two amino acid sequences were detected beginning at 
Val431 ( , Io, 0.6 pmol; R, 95.7%) and at Val424 ( , Io, 0.6 pmol; R, 96%). The principal 
radioactive release was in cycle 21 (2.6 cpm/pmol) and cycle 28 (2.1 cpm/pmol) 
corresponding to Ser451 in the fragment starting at Val431 and Val424, respectively. For 
each sample, ~83% of each cycle of Edman degradation was analyzed for released 125I 
and ~17% for PTH-derivatives ( , □), with the dotted line corresponding to the fit of the 
amount of detected PTH-derivatives. The amino acid sequence of the detected fragments 
is shown, with the limits of the M4 region underlined.  
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3.4.   DISCUSSION 

          This study provides characterization of the sites of photolabeling in the 5-HT3A 

receptor by the hydrophobic photoreactive probe [125I]TID. [125I]TID partitions efficiently 

into affinity-purified 5-HT3A receptor membranes with greater than 99% associated with 

the membrane at the concentrations used for labeling, and upon photolysis [125I]TID 

incorporates into the 5-HT3A subunit. Several photolabeling studies with a series of 

hydrophobic photoreactive probes including [125I]TID have characterized the lipid-

protein interface of Torpedo nACh receptors (White and Cohen, 1988, 1992; White et al., 

1991; Blanton and Cohen, 1992, 1994; Blanton et al., 1998a, 1998b, 1999, 2001). 

Previous studies have shown that there are two components of [125I]TID labeling of the 

nACh receptor: 1) a specific component that is inhibitable by nonradioactive TID, by 

agonists, and by some noncompetitive antagonists, and 2) a nonspecific component that is 

largely insensitive to the agonists or nonradioactive TID (White and Cohen, 1988; White 

et al., 1991). Besides agonist-sensitive photoincorporation within the pore-lining M2 

segments, [125I]TID labels amino acids within the transmembrane segments M1, M3, and 

M4 of the Torpedo nACh receptor (White and Cohen, 1988; White et al., 1991; Blanton 

and Cohen, 1992, 1994). Labeling within M1, M3, and M4 was insensitive to the addition 

of ligands that bind to the agonist binding site (e.g., carbamylcholine) or to the lumen of 

the channel (e.g., TMB-8) or to the addition of excess non-radioactive TID, results that 

are consistent with labeling of the lipid-protein interface (Blanton and Cohen, 1992, 

1994). Within the Torpedo α1M4 segment, [125I]TID labeled five amino acid residues: 

Cys412, Met415, Cys418, Thr422 and Val425. [125I]TID also labeled Cys222, Leu223, Phe227 and 

Leu228 within α1M1 segment and both Phe284 and Ser287 within the α1M3 segment 
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(Blanton and Cohen, 1992, 1994). These residues were later confirmed as contributing to 

the lipid-protein interface in the determined three-dimensional structure of the Torpedo 

nACh receptor (Unwin, 2003; see Figure 3.8B). 

          In this study, [125I]TID photoincorporated into affinity-purified 5-HT3A receptors in 

the absence or presence of 100 μM 5-HT (Figure 3.2). Addition of agonist (Figure 3.2; + 

lane) had no significant effect on the extent of [125I]TID photoincorporation into the 5-

HT3A subunit. Photoincorporation of [125I]TID into the 5-HT3A subunit was further 

mapped by limited S. aureus V8 protease digestion to two regions, V8-17 containing the 

proposed membrane-spanning regions M1, M2, and M3 and V8-8 containing the M4 

segment based on the N-terminal amino acid sequencing. Approximately 60% of the 

labeling was localized to the V8-8K region containing the M4 segment, which strongly 

suggests that the M4 transmembrane segment has greatest exposure to lipid. Unlike 

[125I]TID labeling of the Torpedo nACh receptor, addition of agonist did not alter the 

extent or the pattern of [125I]TID labeling within the 5-HT3A subunit (Figure 4.3). These 

results can be explained by: 1) 5-HT having no effect on the specific labeling of the 5-

HT3A receptor, 2) the affinity-purified 5-HT3A receptors are stabilized in a desensitized-

like state, or 3) there is no specific component of [125I]TID labeling. Such nonspecific 

labeling is expected for labeling at a lipid-exposed region. However, further studies needs 

to be done to discern among these possibilities.   

          From a large [125I]TID preparative labeling, V8-8K and V8-17K fragments were 

eluted as described in Methods. The V8-8K band was subjected to trypsin digestion for 5 

d at room temperature and tryptic digestion products were purified by reverse-phase 

HPLC. Then, the pooled 125I HPLC fractions of the tryptic digest of V8-8K were 
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subjected to radiosequencing. Two amino acid sequences were detected beginning with 

Val424 and Val431. The principal radioactive release was in cycle 21 and cycle 28. Based 

on the overlapping nature of the Val431 and Val424 sequences, we conclude that Ser451 is 

the primary site of [125I]TID photoincorporation, which clearly indicates that this residue 

is located at the lipid-exposed face of the M4 transmembrane segment and forms a part of 

the lipid-protein interface of the 5-HT3A receptor. Furthermore, Figure 3.7 shows the 

amino acid sequence alignment of the Torpedo α1M4 and 5-HT3A-M4 segments where 

Ser451 corresponds exactly with the [125I]TID-labeled residue α1-Thr422.  This is 

consistent with the [125I]TID-labeled residue Ser451 being located at the lipid-exposed 

face of the 5-HT3A-M4 helix (Figure 3.8; Miyazawa et al., 2003). The above finding 

strongly suggests that 5-HT3A-M4 and Torpedo α1-M4 transmembrane segments share a 

homologous lipid- exposed face and that there is a significant degree of structural 

homology between the lipid-protein interfaces of these two LGICs. 

          Different amino acid residues have different intrinsic reactivities toward [125I]TID. 

Sigrist et al. (1990) determined the photoincorporation of trifluoromethyl diazirine (TID) 

into different amino acids. It was shown that cysteine and tryptophan are highly reactive 

to [125I]TID compared to other amino acids. Blanton et al. (1994) determined that the 

observed [125I]TID labeling pattern in the Torpedo nACh receptor is based on the position 

of the amino acid (i.e., being exposed to lipid) and concluded that the labeling pattern is 

consistent with an α-helical secondary structure. Ser451 labeling by [125I]TID in the M4 

transmembrane segment is of significant interest because the 5-HT3A receptor does not 

contain any cysteine residue in the M1 and M4 transmembrane segments. This provides 
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good evidence that [125I]TID labels according to specific position of the amino acid and 

not according to the intrinsic reactivity of the amino acid.  
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Figure 3.7:   Amino acid sequence alignment of the M4 segments of the Torpedo α1, 
neuronal α4, β2 and mouse 5-HT3A subunits. [125I]TID-labeled amino acids from each 
subunit are underlined. The solid line on the top indicates the span of the M4 segment. 
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Figure 3.8:   Helical representation of the Torpedo α1-M4 transmembrane region. A, 
Helical model of the Torpedo α1-M4 segment in which [125I]TID-labeled (lipid-exposed) 
residues are shown (Blanton and Cohen,1994). The amino acid residue Thr422 circled in 
red corresponds exactly to the [125I]TID-labeled Ser451 residue of the 5-HT3A-M4 
transmembrane segment. B, Outside view of three-dimensional structure of the Torpedo 
α1 transmembrane domain with the M4 segment colored in red showing Thr422 (circled in 
red; broken lines; Miyazawa et al., 2003) which corresponds exactly to the [125I]TID- 
labeled Ser451 residue of the 5-HT3A-M4 transmembrane segment in Figure 3.7.  
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3.5.   FUTURE STUDIES 

3.5.1.  Mapping the Lipid-Protein Interface of the 5-HT3A Receptor M1 and M3 

Segments: 

          Previous studies have mapped the lipid-protein interface of the muscle- and 

neuronal-type nACh receptors (Blanton and Cohen, 1992, 1994; Hamouda et al., 2007) 

and demonstrated labeling of the M4, M3 and M1 transmembrane segments. For the 5-

HT3 receptor, we have to date mapped the lipid-exposed regions to two proteolytic 

fragments, V8-17K containing the M1, M2, and M3 transmemberane segments and V8-

8K containing the M4 segment. We have identified [125I]TID-labeled residue(s) in the M4 

transmembrane segment (V8-8K fragment) with protein radiosequencing. However, we 

need to map the sites of [125I]TID labeling into the V8-17K fragment, which contains the 

M1, M2, and M3 transmembrane segments. To accomplish this, affinity-purified 5-HT3A 

receptors will be labeled with [125I]TID (see Methods), and the polypeptides will be 

resolved by SDS-PAGE followed by Cleveland gel analysis. After electrophoresis, the 

gel will be stained, destained, dried and exposed to X-ray film with an intensifying 

screen. Based on the autoradiograph of the 15% Cleveland gel, the V8-17K proteolytic 

fragment will be isolated from the dried gel and eluted by passive diffusion in elution 

buffer for 4 d at room temperature. Gel pieces will be removed by filteration and the 

peptide will be concentrated with Centriprep-10 concentrators. V8-17K will then be 

digested either with trypsin or V8 protease for 4 d to isolate fragments containing the M1 

and M3 transmembrane segments. Each fragment will then be subjected to reverse-phase 

HPLC purification followed by protein radiosequencing to identify the individual amino 

acid residue(s) labeled by [125I]TID in the M1 and M3 transmembrane segments of the 5-
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HT3A receptor. The results from this study will be compared with the well-defined lipid 

exposed face of the Torpedo nACh receptor (Blanton and Cohen, 1992, 1994).  

II.   5-HT3A receptor Lipid Requirements: 

          Previous studies have established that the lipid environment surrounding the 

Torpedo nACh receptor influences its ability to undergo agonist-induced conformational 

transitions and function (Barrantes et al., 2004; Burger et al., 2000). In a recent study by 

Hamouda et al., (2006A), specific lipid requirements of the Torpedo nACh receptor were 

assessed. However, no study has been done so far to assess the lipid requirements of the 

5-HT3A receptor. Therefore, it is of considerable value to determine the specific lipid 

requirements for the 5-HT3A receptor. To accomplish this, the 5-HT3A receptor will be 

purified and reconstituted into a vesicles with defined lipid composition (e.g., DOPC 

alone; DOPC/PA; DOPC/CH; DOPA/CH; DOPC/DOPA/CH; DOPC/DOPS/CH). Then, 

the function (ability to undergo agonist-induced conformational changes) of the 5-HT3A 

receptor in these different lipid environments will be tested. 
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CHAPTER 4 

CHARACTERIZING THE AGONIST BINDING DOMAIN OF THE  

5-HT3A RECEPTOR USING [3H]5-HT PHOTOLABELING STUDIES 

4.1.   INTRODUCTION 

          5-HT3A receptor agonist binding sites are located in the N-terminal domain as 

confirmed by many studies including α7/5-HT3A receptor chimeric studies (e.g. Eisele et 

al., 1993) and by homology with the nACh receptor (Sudweeks et al., 2002; Van Hooft et 

al., 1998; Kriegler et al., 1999) and AChBP (Reeves et al., 2003). However, very few 

studies have focused on a direct characterization of the agonist recognition site in the 5-

HT3 receptor. Published studies of chimeric and point mutant 5-HT3A receptors have 

contributed significantly to our understanding of the 5-HT3 receptor agonist site (Eisele et 

al., 1993; Reeves et al., 2003). The 5-HT3 receptor agonist site is thought to be 

reasonably well represented by cryo-electron microscopic images of the nACh receptor, 

and by crystal structures of the AChBP (homopentameric soluble protein from the snail 

Lymnea stagnalis). Also, a recent study has shown that the topological organization of the 

extracellular domain of a prokaryotic LGIC is very similar to its eukaryotic counterparts 

and to the AChBP, thereby providing an important model with which to study the agonist 

binding site of the 5-HT3A receptor. Structural homology between the 5-HT3 and nACh 

receptor agonist recognition sites is further confirmed by site-directed mutagenesis (Spier 

et al., 2000; Price et al., 2004; Yan et al., 1999). The extracellular surface of the nACh 

receptor (and by homology the 5-HT3 receptor) projects about 60Å beyond the lipid 

bilayer as a water-filled cylinder approximately 20Å in diameter (Unwin, 2005). The 
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AChBP shows sequence identities of ~20-25% with the amino-terminal extracellular 

domain of 5-HT3, glycine, GABAA and nACh receptors (Brejc et al., 2001).  

          By homology with nACh receptors, the agonist binding sites of the 5-HT3 receptor 

are located some 20-30 Å above the membrane at the interface of two adjacent subunits 

and are formed by the convergence of three ‘loops’ (A-C) from the ‘principal’ subunit 

and three ‘loops’ (D-F) from the ‘adjacent’ or ‘complementary’ subunit (Thompson et al., 

2005; Reeves et al., 2001). In contrast, the muscle-type nACh receptor has two agonist 

binding sites per receptor, one at the interface between alpha and gamma subunits and the 

other at the interface of the second alpha subunit and the delta subunit. Homomeric (5-

HT3A) receptor contains five identical ligand-binding pockets, one on each subunit 

interface. The (+) face of the subunit provides the principal component and the (-) face of 

the adjacent subunit provides the complementary component (Corringer et al., 2000). 

Based on several studies done on the agonist binding domain of the nACh receptor, the 

principal component of the nACh receptor binding site resides in the α subunit; loop A 

(Y93), Loop B (W149), and Loop C (Y190, C192, C193), whereas the complementary 

component resides in either the γ or δ subunits; Loop D (γW55/δW57), Loop E 

(γY111/δR113), and Loop F (γD174/δD180) (Pedersen et al., 1986; Middleton and 

Cohen, 1991; LeNovere et al., 2002). Tryptophans in Loops A, B, and D in the nACh 

receptor were identified as putative ligand binding residues through photoaffinity labeling 

(reviewed in Galzi and Changeux, 1995). Corresponding tryptophans in the mouse 5-

HT3A receptor, W90 (Loop D), W121 (Loop A), and W183 (Loop B), as well as other 

tryptophans in the N-terminus (W60, W95, W102, W195, W214), were mutated to 

tyrosine and serine (Spier and Lummis, 2000). Mutations at W90, W183, and W195 had 

  93



                                                                                                                         Mitesh Sanghvi, August 2008 

marked effects on ligand binding and function, suggesting a critical role in ligand 

recognition. Mutations of Trp90, Arg92, and Tyr94 (Loop D) had differential effects on the 

affinity of 5-HT and other 5-HT3A receptor ligands (Yan et al., 1999), suggesting that 

these ligands have different points of contact with the receptor. Mutation of negatively 

charged E106 of the 5-HT3A receptor to negatively charged D or to polar but uncharged N 

reduced the affinity of selective 5-HT3A receptor antagonists as well as the agonist, 5-HT 

(Boess et al., 1997). 

          Several other key residues that contribute to the agonist binding sites of the 5-HT3 

receptor have been identified by various techniques. Residues Glu129 and Phe130 in the 

loop A region of the 5-HT3A receptor have been shown to modify binding and function of 

the receptor. Mutation of Phe130 to Asp allows the receptor to be activated by 

acetylcholine, which indicates that this may be the most important residue in loop A 

(Steward et al., 2000). Also, mutations of Trp121 and Pro123 have shown that these 

residues are involved in receptor assembly. With natural and unnatural amino acid 

mutagenesis, it has been shown that residue Trp183 in the loop B region plays a critical 

role in ligand binding and function (Spier et al., 2000). A number of studies have been 

performed on loop C residues, which differ more between species than residues in any 

other loop of the 5-HT3 receptor. Price et al. (2004) showed with unnatural amino acid 

mutagenesis that the aromatic residue Tyr234 plays an essential role in ligand binding and 

functional characteristics of the receptor. Aromatic residues Trp90 and Trp95 in loop D are 

vital in ligand binding and cell-surface expression, respectively (Thompson et al., 2005; 

Spier et al., 2000). Scanning alanine mutagenesis in loop E revealed that Tyr143, Gly148, 

Glu149, Val150, Gln151, Asn152, Tyr153 and Lys154 may be important for granisetron binding 
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(Venkataraman et al., 2002). Machu and colleagues (Zhang et al., 2007) showed that 

residues Val195 and Ile202 in loop F have significantly lower d-tubocurarine (dTC) IC50s 

than that of the human receptor.  This implies a role of loop F in conferring interspecies 

dTC potency differences.  

          Even though studies by Yan et al. (1998, 1999) with different analogs of the nACh 

receptor competitive antagonist d-tubocurarine (dTC) have demonstrated similar 

structure/activity relationships between the nACh receptor and the 5-HT3 receptor, there 

are subtle structural differences that have been identified with homology modeling. For 

example, nicotine, a nACh receptor agonist, behaves as an antagonist at the 5-HT3 

receptor ligand binding site (Breitinger et al., 2001). A study by Steward et al. (2000) 

suggested that the replacement of just one residue in the 5-HT3 receptor (Phe130Asn) is 

sufficient for the receptor to be activated by ACh. Therefore, the published homology 

model of the 5-HT3 receptor binding site is probably broadly accurate (Reeves et al., 

2003). However, there are conflicting results relative to specific orientations of 5-HT 

ligands in the agonist binding site and therefore more definitive results are needed. [3H]5-

HT, a high affinity ligand for the 5-HT3A receptor, was previously demonstrated to be a 

photoreactive probe and to provide a useful tool to photolabel residues in the nACh 

receptor agonist binding domain (Figure 4.2; Blanton et al., 2000). In the present study, 

[3H]5-HT (Figure 4.1) was used as a photoreactive probe to directly determine amino 

acid residues within the agonist binding site of the 5-HT3A receptor. The results from this 

study will likely provide direct confirmation of residues already implicated by site- 

directed mutagenesis/electrophysiological studies. This study also identified additional 

residues not previously implicated in agonist/antagonist binding and provide insight into 
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the orientation of 5-HT within the agonist binding site. Collectively, these results will 

refine our understanding of the structure of the agonist binding sites, and will likely aid 

the development of new therapeutic agents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  96



                                                                                                                         Mitesh Sanghvi, August 2008 

 

 

 

 

 

 

 

 

Figure 4.1.   The chemical structure of 5-HT. 
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Figure 4.2.   UV-induced photolysis of 5-HT. Taken from Blanton M.P., McCardy, E.A., 
Fryer, J.D., Liu, M., and Lukas, R. (2000) “5-Hydroxytryptamine interaction with the 
nicotinic acetylcholine receptor”, European Journal of Pharmacology 389, 155-163. 
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4.2.   METHODS 

4.2.1.   Materials: 

          5-hydroxy[3H]tryptamine trifluoroacetate (113 Ci/mmol) was purchased 

from GE Biosciences (Piscataway, NJ) and stored in water:ethanol:trifluoroacetic 

acid:mercaptoethanol (98:2:0.1:0.2) at -4˚ C. Staphylococcus aureus glutamyl 

endopeptidase (V8 protease) was purchased from MP Biochemicals (Solon, OH); and 

trifluoro acetic acid (TFA) from Pierce Chemical (Rockford, IL). Reverse-phase HPLC 

columns (Brownlee Aquapore C4 column, 100 X 2.1 mm, BU-300) were purchased 

from Perkin Elmer Life Sciences Inc. (Boston, MA). Centriprep-10 concentrators were 

purchased from Amicon Inc. (Beverly, MA). 

4.2.2.   [3H]5-HT Photolabeling: 

For analytical labelings, 50 μg of affinity-purified αBgTx-5-HT3A receptor 

membranes were incubated for 1 h at room temperature in absence or presence of 100 

μM MDL7222 and 103 nM [3H]5-HT ( ∼ 113 Ci/mmol; Figure 4.1). For preparative 

labelings, 1.5-2 mg of affinity-purified αBgTx-5-HT3ARs were incubated with 250 μCi 

[3H]5-HT under the same conditions. The samples were irradiated with a 312 nm hand-

held UV lamp for 10 min. at a distance of less than 1 cm and pelleted by centrifugation 

(18,000 rpm for 1 h at 4oC using a JA-20 rotor in a Beckman J2-HS centrifuge). Pellets 

were resuspended in electrophoresis sample buffer and the polypeptides were resolved 

on a 1.0 or 1.5 mm thick 8% polyacrylamide gel (SDS-PAGE; Laemmli 1970; 

Hamouda et. al., 2006A).  
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4.2.3.   SDS- Polyacrylamide Gel Electrophoresis and Cleveland Mapping: 

SDS-PAGE was performed according to Laemmli (Laemmli 1970) with the 1.0  

or 1.5 mm thick separating gel comprised of 8% polyacrylamide/0.33 bisacrylamide. 

Gels were stained for 1 h with Coomassie Blue R-250 (0.25% (w/v) in 45% methanol, 

10% acetic acid, 45% H2O), destained (25% methanol, 10% acetic acid, 65% H2O) to 

visualize bands, impregnated with fluor (Amplify, GE Biosciences) for 30 min., dried, 

and exposed to Kodak X-OMAT LS film with an intensifying screen at -80°C (6 wk 

exposure). Incorporation of 3H into individual polypeptides was quantified by liquid 

scintillation counting of excised gel pieces as described elsewhere (Middleton and 

Cohen, 1991). When a good fluorograph was obtained, the band that correspond to the 

[3H]5-HT-labeled 5-HT3A receptor subunit was excised, soaked in overlay buffer (5% 

sucrose, 125 mM Tris-HCl, 0.1% SDS, pH 6.8) for 30 min and transferred to the wells 

of a 15% acrylamide mapping gel (Cleveland 1977). Each gel slice was overlaid with 

10 μg (analytical labeling) or 200 μg (preparative labeling) of S. aureus V8 protease in 

overlay buffer. After electrophoresis, the gels were stained for 1 h with Coomassie Blue 

R-250, destained, and either prepared for fluorography (analytical labeling; 8 wk 

exposure) or soaked in distilled water overnight (preparative labeling). The bands for 

labeled V8 protease proteolytic fragments ([3H]5-HT-labeled fragments; V8-8K and 

V8-4K) were excised from the preparative gel and the labeled peptides were retrieved 

by passive diffusion into 25 mL of elution buffer (0.1M NH4HCO3, 0.1% (w/v) SDS, 

1% β-mercaptoethanol, pH 7.8) for 4 d at room temperature with gentle mixing. Gel 

pieces were removed by filtration (Whatman No. 1 paper) and the peptides were 

concentrated with Centriprep-10 concentrators (10 KDa cutoff). Excess SDS was 
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removed by acetone precipitation (>85% acetone at -20°C overnight) and the fragments 

were either subjected to further proteolytic digestion ([3H]5-HT-labeled fragments; V8-

8K and V8-4K)  or directly purified with reverse-phase HPLC ([3H]5-HT-labeled 

fragments; V8-8K and V8-4K). 

4.2.4.   HPLC Purification:  

All the [3H]5-HT peptides were purified with reverse-phase HPLC prior to 

sequence analysis. HPLC was performed on a Shimadzu LC-10A binary HPLC system, 

with a Brownlee Aquapore C4 column (100 x 2.1mm). Solvent A consisted of 0.08% 

trifluoroacetic acid (TFA) in water and Solvent B consisted of 0.05% TFA in 60% 

acetonitrile/40% 2-propanol.  A nonlinear elution gradient at 0.2 mL/min was employed 

(25% to 100% Solvent B in 100 min) and fractions were collected every 2.5 min (42 

fractions/run). The elution of peptides was monitored by the absorbance at 210 nm and 

the amount of 3H associated with each fraction was determined by liquid scintillation 

counting (5 min./fraction) of a 50 μL aliquot of each fraction in a Packard Liquid 

scintillation counter. 

4.2.5.   Sequence Analysis 

Amino-terminal sequence analysis was performed on a Beckman Instruments 

(Porton) 20/20 automated protein sequencer with gas phase cycles (Texas Tech 

Biotechnology Core Facility). Pooled HPLC fractions were dried by vacuum 

centrifugation, resuspended in a small volume (20 μL) of 0.1% SDS and immobilized 

on chemically-modified glass fiber disks (Beckman Instruments). Peptides were 

subjected to at least 10 sequencing cycles. 
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4.3.   RESULTS 

4.3.1.   [3H]5-HT Photoaffinity Labeling of the 5-HT3A Receptor: 

          [3H]5-HT photolabeling was used to identify the molecular determinants 

underlying the interaction of 5-HT with the 5-HT3A receptor and to potentially identify 

other regions within the N-terminal domain that contribute to agonist recognition. 

Purified 5-HT3A receptors were incubated for 1 h at room temperature with 103 nM 

[3H]5-HT in the absence or presence of 100 μM MDL7222, irradiated at 312 nM for 10 

min., and then the polypeptides were pelleted by centrifugation, resuspended in 

electrophoresis sample buffer and resolved on a 8% polyacrylamide gel. Following 

electrophoresis, gels were stained, destained, impregnated with fluor (Amplify), dried, 

and exposed to X-ray film with an intensifying screen (6 week exposure). As the 

fluorography in Figure 4.3 shows, [3H]5-HT photoincorporates into the 5-HT3A receptor 

in a specific manner, that is, labeling is significantly reduced by addition of 100 μM 

MDL7222. For both conditions (-/+ MDL7222), the 5-HT3A subunit band was excised 

from the dried gel and the amount of 3H associated with the subunit in the absence or 

presence of MDL7222 was determined by liquid scintillation counting. Addition of 

MDL7222 (Figure 4.3; + lane) significantly reduced (42%) [3H]5-HT labeling (Figure 

4.4).  
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Figure 4.3.   Photoincorporation of [3H]5-HT into the 5-HT3A receptor subunit. An 
aliquot of affinity-purified 5-HT3A receptor membranes (50 μg) was equilibrated for 1 h 
with 103 nM [3H]5-HT in the absence (− lane) and in the presence (+ lane) of 100 μM 
MDL7222 then irradiated at 312 nm for 10 min. Membranes were pelleted by 
centrifugation, resuspended in electrophoresis sample buffer and polypeptides were 
fractionated on 1 mm 8% SDS-PAGE. Following electrophoresis, polypeptide bands 
were visualized by staining with Coomassie blue R-250, destained, impregnated with 
fluor, dried and exposed to X-ray film with intensifying screen (6 wk). Shown is a 
corresponding fluorograph of an 8 % gel containing [3H]5-HT labeled 5-HT3A receptor 
subunit. The electrophoretic mobility of the 5-HT3A receptor subunit is indicated on the 
left. 
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Figure 4.4.   [3H]5-HT photoincorporation into the αBgTx-5-HT3A receptor in the 
absence or presence of 100 μM MDL7222. Labeled 5-HT3A subunit bands from each 
condition were excised from dried gel based on the fluorograph of an 8% SDS-PAGE gel 
(Figure 4.3). The amount of [3H]5-HT photoincorporated into the 5-HT3A subunit in each 
condition was determined by liquid scintillation counting (5 min of counting time). 
Shown is a bar graph of the amount of 3H cpm incorporated into the 5-HT3A subunit in 
the absence or presence of MDL7222 (−/+). In the presence of MDL7222, 
photoincorporation of [3H]5-HT was significantly reduced (42%). 
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4.3.2.   Mapping the Site(s) of [3H]5-HT Photoincorporation in the 5-HT3A Subunit: 

          To map the site(s) of [3H]5-HT photoincorporation within the 5-HT3A subunit, the 

band that corresponds to the 5-HT3A subunit was isolated from a stained 8% acrylamide 

gel, transferred to the well of a 15% acrylamide mapping gel and subjected to “in-the-

gel” (Cleveland gel) digestion with S. aureus V8 protease as described in the Methods. 

Following electrophoresis, the mapping gel was stained, destained, impregnated with 

fluor, dried and exposed to X-ray film for 8 weeks. [3H]5-HT photoincorporation was 

detected in two V8 proteolytic fragments with apparent molecular masses of 8 KDa and 4 

KDa (Figure 4.5). These fragments were named according to the protease used and their 

apparent molecular masses (8 and 4 KDa): V8-8K and V8-4K.  

          For initial identification, the combined V8-8K and V8-4K fragments were excised 

from the mapping gel and the peptide(s) eluted into 25 mL elution buffer for 5 d at room 

temperature with gentle mixing. The eluted peptides were then concentrated using 

Centriprep-10 concentrators (10 KDa cutoff, final volume <150 μl) and purified by 

reverse-phase HPLC (Figure 4.6). The amount of 3H associated with each HPLC fraction 

was determined by liquid scintillation counting (5 min/fraction) of a 50 μL aliquot of 

each fraction. Peak 3H HPLC fractions were pooled (Peak A, 23-25; Peak B, 26-29), 

dried by vacuum centrifugation, resuspended in a small volume (20 μL of 0.1% SDS) and 

subjected to automated N-terminal amino acid sequencing (10 cycles). Based on the fact 

that peak 3H fractions (23-25, 26-29; ~ 45% organic) eluted from the reverse-phase 

HPLC column at much lower organic concentrations than for [125I]TID-labeled fragments 

(Figure 3.4A (35-38); Figure 4.3B (35-37; ~ 95% organic)), we conclude that [3H]5-HT- 

labeled peptides are likely water-soluble extracellular fragments. These data are 
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consistent with [3H]5-HT photoincorporation into the extracellular agonist binding 

domain of the receptor. Identification of labeled peptide(s) by protein sequencing was 

complicated by contamination with V8-protease and by the presence of only small 

amounts of 5-HT3A receptor peptides (data not shown). As described in Discussion 

Section in detail, a larger scale [3H]5-HT labeling is planned to identify the specific 

labeled amino acids by N-terminal protein radiosequencing to evaluate homology models 

of the 5-HT3A receptor (Eisele et al., 1993; Reeves et al., 2003). 
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Figure 4.5. Proteolytic mapping of the [3H]5-HT-labeled 5-HT3A receptor subunit. The  
[3H]5-HT-labeled 5-HT3A receptor subunit band isolated from an 8% SDS-PAGE gel 
(Figure 4.3) and transferred to the well of a 15% acrylamide mapping gel and subjected 
to in-the-gel (Cleveland gel) digestion with S. aureus V8 protease. Following 
electrophoresis, the mapping gel was stained, destained, impregnated with fluor, dried 
and exposed to X-ray film with an intensifying screen (8-12 wk exposure). Shown is a 
corresponding autoradiograph of a 15% acrylamide maping gel with the 
photoincorporation of [3H]5-HT into two proteolytic fragments 8 KDa (V8-8K), 4 KDa 
(V8-4K). 
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Figure 4.6.   Reverse-phase HPLC purification of the [3H]5-HT-labeled fragments V8-8K 
and V8-4K. The labeled fragments V8-8K and V8-4K were eluted from the stained 
mapping gel and purified by reverse-phase HPLC on a Brownlee Aquapore C4 column 
(100 x 2.1 mm) with a non-linear elution gradient (25% to 100% solvent B; solvent A 
was 0.08% TFA in water and solvent B was 0.05 % TFA in a mixture of acetonitrile and 
propanol 3:2). 500 μL fractions were collected (every 2.5 min at 0.2 ml/min). The elution 
of 3H (closed circles) was monitored by counting a 50 μL aliquot of each fraction in a 
liquid scintillation counter. HPLC fractions 23-25 (peak A) and 26-29 (peak B) were 
pooled for amino acid sequence analysis. 
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4.4.   DISCUSSION 

          [3H]5-HT was previously used as a photoaffinity probe to determine the site(s) of 

interaction with the nACh receptor (Blanton et al., 2000). In that study, they identified the 

photosensitivity of 5-HT to irradiation with ultraviolet light. They demonstrated that UV 

light irradiation (312 nm) results in a substantial reduction in the 5-HT absorbance 

spectra with increasing time of photolysis (Figure 4.2) and it resulted in a reactive 

intermediate capable of forming a covalent bond with a nearby molecule in the agonist 

binding pocket. Furthermore, they also showed that [3H]5-HT reacted with three amino 

acid residues (Tyr190, Cys192, and Cys193) in the nACh receptor α subunit residues that 

have previously been shown to be important in the formation of the agonist binding 

domain of the nACh receptor (Middleton and Cohen, 1991). These results provide a basis 

for our study to directly determine the amino acid residues within the agonist binding site 

of the 5-HT3A receptor with [3H]5-HT photoaffinity labeling as well as the ligand 

orientation (5-HT) in the binding domain. 

          In this study, [3H]5-HT was photoincorporated into affinity-purified 5-HT3A 

receptors in the absence or presence of 100 μM MDL7222. A fluorograph of an 8% 

polyacrylamide gel shows that [3H]5-HT photoincorporates into the 5-HT3A receptor in a 

specific manner. Addition of the 5-HT3 receptor competitive antagonist MDL7222 

significantly reduced (42%) the extent of [3H]5-HT photoincorporation into the 5-HT3A 

receptor (Figure 4.4). Photoincorporation of [3H]5-HT into the 5-HT3 receptor was 

further mapped by S. aureus V8 protease digestion to  two proteolytic fragments, V8-8K 

and V8-4K. These proteolytic fragments were further purified by reverse-phase HPLC 

and the amount of radioactivity associated with each fraction was determined by liquid 
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scintillation counting. As shown in Figure 4.6, the pooled 3H fraction at the center of the 

HPLC profile (eluting at ~ 45% organic) is consistent with [3H]5-HT photoincorporation 

into the agonist binding domain of the 5-HT3A receptor due to the hydrophilic nature of 

the labeled peptides. The pooled 3H HPLC fractions were subjected to N-terminal amino 

acid sequencing. The sequencing data were complicated by contamination with V8 

protease and the presence of only very small amounts of 5-HT3A receptor peptides. 

Therefore, in future labelings we will excise the [3H]5-HT-labeled 5-HT3A receptor band 

and elute the labeled subunit by passive diffusion in elution buffer for 4 d at room 

temperature. Gel pieces will be removed by filtration and the peptide will be concentrated 

using Centriprep-10 concentrators. The labeled 5-HT3A receptor will be then subjected to 

V8 protease digestion for 5 d at room temperature and directly resolved on a small pore 

Tricine SDS-PAGE gel (16%) that will efficiently separate the labeled V8 proteolytic 

fragments. The labeled proteolytic fragments will be excised, eluted and subjected to 

further purification by reverse-phase HPLC. Protein radiosequencing will then be used to 

identify individual amino acid residue(s) labeled by [3H]5-HT. Specific amino acid(s) 

that are labeled by [3H]5-HT will be fitted in a computer-generated homology model of 

the extracellular domain of the 5-HT3A receptor using the high resolution structure of the 

AChBP as a template. A refined model for the agonist binding site will then be proposed. 

          The precise photochemistry of [3H]5-HT is not clear; the photoactivatable part 

could be either a nitrogen in the pyridine ring or the side chain nitrogen (Figure 4.1). 

Therefore, labeling of amino acids within the binding sites may be limited by the 

reactivity of activated 5-HT toward the specific amino acid residue and it may be difficult 

to determine the exact orientation of 5-HT within the binding site. A complementary 
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approach is to photolabel the amino acid residues with the 5-HT3R competitive 

antagonists [3H]GR-65630 or [3H]BRL-43694. We anticipate that the results of 

photolabeling with multiple ligands will likely confirm as well as identify new residues 

that contribute to the agonist-recognition site. The results from [3H]5-HT, [3H]GR-65630, 

and/or [3H]BRL-43694  labeling experiments will together lead to a better understanding 

of the structure of agonist binding sites and the orientation of agonist/antagonist within 

the binding site. Ultimately, we expect that this will aid in the development of new 5-HT3 

receptor-specific therapeutic agents. 
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